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Abstract

The compound helicopter is a high speed design concept that is once again being

explored due to the emerging requirements for rotorcraft to obtain speeds that signifi-

cantly surpass the conventional helicopter. The speed of the conventional helicopter is

limited by retreating blade stall, however the introduction of compounding delays the

onset of this aerodynamic limitation until greater flight speeds. There are two com-

mon types of compounding known as lift and thrust compounding. Lift compounding,

provided by the addition of a wing offloads the main rotor of its lifting responsibilities

in high speed flight. Thrust compounding, provided by the addition of a propulsive

source such as a propeller, provides additional axial force divorcing the main rotor of its

propulsive duties at high speeds. The addition of compounding to the helicopter design

can therefore increase the maximum speed of the aircraft. This increase in speed, pro-

vided that efficient hover capability is maintained, would make the compound helicopter

suitable for various roles and missions in both military and civil markets.

The compound helicopter is not a novel idea with many compound helicopter con-

figurations flight tested in the 1960’s. Due to these test programmes, as well as other

studies, there is some material relating to the compound helicopter in the literature.

However, the majority of the compound helicopter work describes flight tests of ex-

perimental aircraft or focuses on the design of the aircraft configuration. There are

no systematic studies of the flight dynamics of compound helicopters which have been

published. This Thesis targets this gap in the literature. Consequently, the aim of this

Thesis is to investigate the effects of compounding on the conventional helicopter and

how this addition to the helicopter design influences the flight mechanics of this aircraft

class. With the renewed interest in the compound helicopter design this work is both

original and timely. To investigate the flight dynamics of this aircraft class, two math-

ematical models of compound helicopter configurations are developed and compared

with a conventional helicopter. The first compound helicopter configuration features a

coaxial rotor with a pusher propeller providing additional axial thrust, and is referred

to as the coaxial compound helicopter. The second configuration, known as the hybrid

compound helicopter, features two wings each with a tip mounted propeller providing
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thrust compounding. The conventional helicopter features a standard helicopter de-

sign with a main rotor providing the propulsive and lifting forces, whereas a tail rotor,

mounted at the rear of the aircraft, provides the yaw control.

Other authors have focused on design considerations and have quantified all of

the benefits of compounding but to date, a comprehensive study of the effect of com-

pounding on the flight dynamics of a helicopter has not been published. The strategy

of the work is to take the three aircraft configurations, the two compound helicopter

configurations and the conventional helicopter, and determine their flight mechanics

characteristics. Subsequently, the compound helicopter results can be compared with

the baseline configuration, thereby isolating the effects of compounding. The flight me-

chanics characteristics that are determined in this Thesis include: trim, performance,

stability and manoeuvrability attributes of the three helicopter configurations. These

attributes are assessed by calculating the control angles which result in a steady flight

condition and by the use of numerical linearisation and inverse simulation algorithms.

All of these flight mechanics characteristics were assessed with the results, in some

aspects, reinforcing the potential of the compound helicopter as well as highlighting

some possible difficulties that will have to be addressed in the design of a compound

helicopter.
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Nomenclature

a Acceleration vector (m/s2)

a0 Lift curve slope of a rotor blade element (1/rad)

ablade
x , ablade

y , ablade
z Translational acceleration components of a rotor blade element

in blade axes (m/s2)

adisc
x , adisc

y , adisc
z Acceleration components of the rotor hub in disc axes (m/s2)

c Chord length (m)

d̄ Drag per unit span (N/m)

e Main rotor root cut out as a fraction of the rotor span

fblade
aero Local aerodynamic force vector of a rotor blade element in

blade axes (N/m)

fblade
el Force per unit span of a rotor blade element in blade axes (N/m)

fblade
in Local inertial force of a rotor blade element in blade axes (N/m)

fp.bl.
p Force of a propeller blade element in propeller blade axes, per

unit span (N/m)

fanh
w Force of a wing strip in anhedral axes, per unit span (N/m)

xanh, yanh, zanh Force components of the vector fanh
w (N/m)

fp.bl.
x , fp.bl.

y , fp.bl.
z Force components of fp.bl.

p (N/m)

g Acceleration due to gravity (m/s2)

h Altitude above mean sea level (m)

hprop Height of the propeller hub from the reference point in body

axes (m)

hw Distance of the wing root above the centre of gravity (m)

i, j,k Unit vectors

k Empirical factor representing the main rotor’s contribution to

the wing
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Nomenclature

lprop Length of the propeller hub from the reference point in body

axes (m)

l̄ Lift per unit span (N/m)

lw Length from the vehicle reference point to the quarter chord

position of a wing strip (m)

m0 Mass per unit span of a rotor blade element in blade axes (kg/m)

mp.bl.
p Moment vector of a propeller blade element in propeller blade

axes, per unit span

manh
w Moment vector of the wing in anhedral axes, per unit span

mbody
w Moment vector of the wing in body axes, per unit span

n Propeller revolutions per second (rev/s) or load factor

nclock Direction of rotational of the propeller

p, q, r Small perturbations of angular velocities in body axes (rad/s)

r Position vector (m)

r̄ Normalised rotor blade position (m)

rbody
c.g.→w Position vector from the centre of gravity to the quarter chord

point of a wing strip in body axes (m)

rbody
x , rbody

y , rbody
z Components of the vector of rbody

c.g.→w

u Control vector (rad)

u, v, w Small perturbations of translational velocities in body axes

(m/s)

up.d., vp.d., wp.d. Translational components of vp.d.
p.h. (m/s)

v Velocity vector (m/s)

v0, v1s, v1c Uniform and first harmonic rotor inflow terms (m/s)

vi Induced velocity (m/s)

v̄n Normalised normal velocity

vn Normal velocity (m/s)

vp.d.
p.h. Velocity vector of the propeller hub in propeller disc axes (m/s)

vp.bl.
p Velocity vector at the quarter chord point of a propeller section

in propeller disc axes (m/s)

vres Resultant velocity across an aerofoil section (m/s)

v̄tan Normalised tangential velocity

vtan Tangential velocity (m/s)
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Nomenclature

vanh
w Velocity vector at the quarter chord point of a wing strip in

anhedral axes (m/s)

uanh, vanh, wanh Velocity components of the vector vanh
w

vp.bl.
x , vp.bl.

y , vp.bl.
z Components of the velocity vector vp.bl.

p

wprop Lateral distance of the propeller hub from the reference point

in body axes (m)

x The state vector (varying units)

ẋe, ẏe, że Translational velocities in the Earth axes (m/s)

xc.g. Centre of gravity position from the reference point (m)

ẋ Time derivative of the state vector

yi Distance of the quarter chord point of a wing strip in the jb

direction (m)

A Rotor or propeller disc area, πR2 (m2)

A, B The system and control matrices

AR Wing aspect ratio

C Coefficient

Cblade
rot Normalised force vector of the main rotor in blade axes

Cd Drag coefficient

CDi Drag coefficient representing the induced drag of the wing

CI Time-dependent damping matrix in individual blade flapping

equations

Cl Lift coefficient

C̄L Mean lift coefficient across the wing

CM Time-dependent damping matrix in multi-blade flapping equa-

tions

CP Power Coefficient, P/ρA(ΩR)3

CQ Torque Coefficient, Q/ρAR(ΩR)2

CT Thrust Coefficient, T/ρA(ΩR)2

CTL
Lower rotor thrust coefficient

CTU
Upper rotor thrust coefficient

CW Weight Coefficient, W/ρA(ΩR)2

D Propeller diameter (m)

DI Time-dependent stiffness matrix in individual blade flapping

equations
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Nomenclature

DM Time-dependent stiffness matrix in multi-blade flapping equa-

tions

D-1
M 0 Constant stiffness matrix in multi-blade flapping equations

Fbody
prop Force vector of the propeller in body axes (N)

Fp.bl.
prop Force vector of the propeller in propeller blade axes (N)

Fbody
rot Force vector of the main rotor in body axes (N)

Fbody
wing Force vector of the wing in body axes (N)

HI Time-dependent forcing function matrix in individual blade

flapping equations

HM Time-dependent forcing function matrix in multi-blade flapping

equations

H-1
M 0 Forcing function matrix in multi-blade flapping equations

Ixx, Iyy, Izz Moments of inertia of the helicopter about the xb, yb and zb

body axes (kgm2)

Ixy, Ixz, Iyz Products of inertia of the helicopter about the body axes (kgm2)

Iβ Flap moment of inertia (kg m2)

J Propeller advance ratio, V/nD

J Jacobian matrix

Kβ Centre-spring rotor stiffness (N.m/rad)

L, M , N The external moments about the xb, yb and zb body axes (N m)

Lβ Transformation matrix from multi-blade to individual co-ordinates

Lblade
rot Rolling moment of the main rotor in blade axes (Nm)

Lu, Lp, etc. L force derivatives in semi-normalised form (rad/m.s, 1/s, etc.)

Ma Aircraft mass (kg)

M Mach number

Mp.bl.
p.h. Moment vector of the propeller hub in propeller blade axes

(Nm)

Mbody
p.h. Moment vector of the propeller hub in body axes (Nm)

Mbody
prop Moment vector of the propeller in body axes (Nm)

Mblade
rot Moment vector of the main rotor in blade axes (Nm)

Mblade
rot Pitching moment of the main rotor in blade axes (Nm)

Mu, Mp, etc. M force derivatives in semi-normalised form (rad/m.s, 1/s, etc.)

Mbody
wing Moment vector of the wing in body axes (Nm)

Mx Upper rotor rolling moment (Nm)
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Nomenclature

Nb Number of rotor blades

Nblade
rot Yawing moment of the main rotor in blade axes (Nm)

Nu, Np, etc. N force derivatives in semi-normalised form (rad/m.s, 1/s, etc.)

P , Q, R Angular velocity components about the xb, yb and zb body axes

(rad/s)

Ṗ , Q̇, Ṙ Angular accelerations in body axes (rad/s2)

R Rotor radius (m)

Rprop Propeller radius (m)

Tbody→anh Transformation matrix from body to anhedral axes

Tbody→disc Transformation matrix between the body and disc axes sets

Tbody→p.d. Transformation matrix from body to propeller disc axes

Tdisc→shaft Transformation matrix between the disc and shaft axes sets

Tp.d.→p.bl. Transformation from propeller disc to propeller blade axes

Tshaft→blade Transformation matrix between shaft and blade axes

U , V , W Translational velocity components of the xb, yb and zb body

axes (m/s)

U̇ , V̇ , Ẇ Translational accelerations in body axes (m/s2)

V or Vf Flight speed (m/s) or (kt)

W Aircraft weight (N)

X, Y , Z The external forces about the xb, yb and zb body axes (N)

Xe, Ye, Ze, X, Y, Z body forces at a trimmed flight state (N)

Xrot, Yrot, Zrot Components of the vector Fbody
rot

Xu, Xp, etc. X force derivatives in semi-normalised form (1/s, m/s.rad, etc.)

Yu, Yp, etc. Y force derivatives in semi-normalised form (1/s, m/s.rad, etc.)

Zu, Zp, etc. Z force derivatives in semi-normalised form (1/s, m/s.rad, etc.)

mblade
el Moment of a rotor blade element in blade axes per unit span

α Angle of attack (rad)

α Angular acceleration (rad/s2)

αbl Angle of attack of a rotor blade element (rad)

αfus Angle of attack of the helicopter’s fuselage, tan−1(W/U), (rad)

β Flapping angle (rad)

β0 Main rotor coning angle (rad)

β0d Main rotor differential coning angle (rad)

β1c Main rotor longitudinal flapping angle (rad)
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Nomenclature

β1s Main rotor lateral flapping angle (rad)

βi Flapping angle of the ith blade (rad)

βI Vector of individual blade co-ordinates (rad)

β’
I Derivative of βI with respect to the azimuth position

β”
I Derivative of β’

I with respect to the azimuth position

βM Vector of multi-blade co-ordinates (rad)

β’
M Derivative of βM with respect to the azimuth position

β”
M Derivative of β’

M with respect to the azimuth position

δ Main rotor profile drag coefficient or pressure ratio

ε′ Oswald efficiency factor

η Anhedral angle of the wing (rad)

γ Lock number ρa0cR
4/Iβ

γsh Rotor shaft tilt, positive forward (rad)

λ0, λ1s, λ1c Normalised uniform and first harmonic rotor inflow terms

λl Non-dimensional lower rotor inflow

λsp Eigenvalue of the short period mode

λu Non-dimensional upper rotor inflow

µ Advance ratio V/ΩR

µz Non-dimensional normal velocity of the rotor hub

ω Angular velocity (rad/s)

Ω Main rotor or propeller rotational speed (rad/s)

ωdr Frequency of the Dutch-roll mode (rad/s)

ωp.d Angular velocity vector in propeller disc axes (rad/s)

ωp.d.
x , ωp.d.

y , ωp.d.
z Angular velocity components of ωp.d (rad/s)

Φ, Θ, Ψ Euler angles (rad)

φ Inflow angle (rad)

ψ Azimuth angle (rad)

ρ Air density (kg/m3)

σ Main rotor solidity

τ Tilt of the propeller disc axes relative to the body axes (rad)

θ Temperature ratio

θ0 Main rotor collective angle (rad)

θ̄0 Mean coaxial rotor collective (rad)

θ1c Main rotor lateral cyclic angle (rad)
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Nomenclature

θ1cdiff
Coaxial rotor differential lateral cyclic control (rad)

θ1s Main rotor longitudinal cyclic angle (rad)

θfix Wing pitch incidence relative to the yb axis

θdiff Coaxial rotor differential control or propeller differential control

(rad)

θl, θu Rotor collective angles of the lower and upper rotors (rad)

θpitch Main rotor pitch angle of a rotor blade element (rad)

θport Propeller pitch of the port propeller (rad)

θprop Propeller pitch angle (rad)

θstar Propeller pitch of the starboard propeller (rad)

θtwist Twist gradient(rad)

Acronyms

ABC Advancing Blade Concept

ADS Aeronautical Design Standard

AFCS Automatic Flight Control System

CCH Coaxial Compound Helicopter

DVE Degraded Visual Environment

FVL Future Vertical Lift

GVE Good Visual Environment

HCH Hybrid Compound Helicopter

HGS Helicopter Generic Simulation

HQR Handling Qualities Rating

IMC Instrument Meteorological Conditions

MAM Manoeuvrability Assessment Method

MSL Mean Sea Level

MTE Mission-task-element

NoE Nap-of-the-earth

OFE Operational Flight Envelope

RHILP Rotorcraft Handling Interactions and Load Prediction

SAR Specific Air Range

SCAS Stability and Control Augmentation System

SE Specific Endurance

SFC Specific Fuel Consumption
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Nomenclature

UCE Usable Cue Environment

VTM Vorticity Transport Model

Superscripts

anh Wing anhedral axes

blade Main rotor blade axes

body Body axes

body → anh Body to the wing’s anhedral axes

body → disc Body to the main rotor’s disc axes

body → p.d. Body to the propeller’s disc axes

disc Main rotor disc axes

disc → shaft Main rotor’s disc to shaft axes

hub Main rotor hub axes

p.bl. Propeller blade axes

p.d. Propeller disc axes

p.d. → p.bl. Propeller’s disc to blade axes

shaft Main rotor shaft axes

shaft → disc Main rotor’s shaft to blade axes

wind Main rotor wind axes

Subscripts

1c First harmonic cosine component

1s First harmonic sine component

aero Aerodynamic force

b Body axes

c.g. Centre of gravity

cut Cut out

e Earth axes or trimmed state

el Main rotor blade element

hub Main rotor hub

in Inertial force

p Quarter chord point of a propeller blade element

p.h. Propeller hub

port Port propeller

x



Nomenclature

prop Propeller

Q Main rotor torque

star Starboard propeller

trot Tail-rotor

w Quarter chord point of a wing strip

X,Y,Z Forces in the x, y and z directions
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Chapter 1

Introduction

1.1 The Compound Helicopter

The main rotor of a conventional helicopter is responsible for providing the lifting and

propulsive forces of the vehicle. The maximum speed of a conventional helicopter is

limited by the main rotor’s aerodynamic characteristics, installed engine power and

airframe drag [1–3]. The problems associated with installed engine power and airframe

drag can be minimised through careful design, but the main factor limiting the maxi-

mum speed of the helicopter is retreating blade stall [2]. The lifting capability of the

retreating side of the disc deteriorates with forward speed as the local dynamic pressure

is lower than that of the advancing side [4]. Therefore, to satisfy the condition of zero

hub roll moment, which is required in steady level flight, the local blade incidence of

the retreating side of the disc must be greater than the advancing side. High blade

incidence on the retreating side, coupled with the low local dynamic pressure results

in blade stalling. This restricts the maximum speed of the conventional helicopter to

approximately 150kt [5], which is a modest flight speed when compared to a fixed wing

aircraft [1].

There are a number of civil and military applications where vertical take-off and

landing capability combined with high speed cruise speed would be advantageous. For

example, rapid insertion of troops or ship replenishment missions. Compounding has

often been proposed as a solution to increase the maximum speed of the helicopter.

There are two common types of compounding known as lift and thrust compounding.

The concept of lift compounding is that a wing offloads the main rotor at high speeds

thereby delaying the onset of retreating blade stall. Whereas thrust compounding,

which is supplied by a propulsive device such as a propeller, provides additional axial

1
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thrust in high speed therefore divorcing the main rotor of its propulsive duties. In

order to appreciably expand the flight envelope of a winged helicopter, the wing must

be supplemented with an additional source of axial thrust [2, 6–9]. The reason for this is

that a wing-only compound helicopter tends to have a more pitch-down attitude relative

to a conventional helicopter [6]. In forward flight, the wing offloads the main rotor

thereby reducing rotor loading. The rotor thrust vector is still required to overcome

the fuselage drag as well as the additional drag of the wing; hence to trim the helicopter,

the smaller rotor thrust vector must be tilted more forward to provide the propulsive

force. As a consequence, the pitch of the helicopter tends to be more nose down than

that of the conventional configuration, which reduces the angle of attack of the wing,

and therefore its lifting capability. The solution to this issue is to introduce thrust

compounding to offload the main rotor of its propulsive duties in high speed flight so

that the pitch attitude can be controlled to fully exploit the lifting capability of the

wing.

The compound helicopter is again being explored as it can potentially satisfy the

emerging requirements for the next generation of rotorcraft. The compound helicopter

is a high speed design concept which aims to expand the flight envelope of the heli-

copter, therefore making it suitable for various roles such as ship replenishment and

scouting missions. Although this is not a new concept, the development of a compound

helicopter has proven elusive due to a combination of technical problems and econom-

ical issues [10]. Recently, various compound helicopter demonstrators have been built,

all of which are capable of reaching speeds that significantly surpass its conventional

counterpart. It is clear that the design of the compound helicopter is being taken se-

riously by the leading helicopter manufacturers in their pursuit to deliver a helicopter

which can fulfil the new requirements for greater speed and range.

History of High Speed Helicopters

It has long been recognised that a rotorcraft that can obtain high speeds whilst main-

taining efficient hover capability would be an effective aircraft, able to complete various

missions and roles. As a result, there have been various high speed design concepts

which have attempted to realise this goal. These designs include: the tilt-rotor, the

X-wing concept and variable diameter rotor concepts [1]. With the exception of the

tilt-rotor aircraft, none of these designs have been utilised in a production vehicle. Nev-

ertheless, it is clear that the rotorcraft community has realised the potential benefits

2
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of a high speed helicopter. This interest continues today with the resurgence of the

compound helicopter.

The compounding of a helicopter is not a new idea with most of the major he-

licopter manufacturers testing compound helicopter designs at one time. The testing

of the compound helicopter was particularly popular in the decade of the 1960s, with

Figure 1.1 presenting some of the aircraft that were flight tested. With reference to

Figure 1.1, it is clear that a wide variety of helicopters which feature compounding

aircraft have been flown. These vehicles include: the UH-2 [11], the XH-51A [12], the

S-67 [13], the NH-3A [14], the 16H-1A [15], the Lockheed Cheyenne [16], the RSRA

research aircraft [17] and the XH-59A aircraft [18]. Although these programmes never

led to an operational vehicle, they did provide some insight into the problems that

designers may face with the development of a compound helicopter. One issue is the

inherent control redundancy that results from compounding the conventional configu-

ration. The compounding results in an additional control(s) relative to a conventional

helicopter and therefore there is an issue on how to integrate this control into the ve-

hicle. The Rotor Systems Research Aircraft (RSRA), Figure 1.1(g), conducted a series

of flight tests which featured a fixed setting of collective pitch [17]. This set-up offers

a reduction in terms of pilot workload but does not fully exploit the additional control

offered by compounding. A successful compound helicopter would require a control

system that exploits the additional control to enhance the performance benefits that

compounding offers without significantly increasing pilot workload. Another issue that

arose from the flight test programme of the XH-51A helicopter [19], Figure 1.1(b),

was the tendency of the rotor to overspeed. During high speed manoeuvres the load

factor of the main rotor increased quicker than that of the wing thus resulting in ro-

tor overspeed. The automatic flight control system (AFCS) would have to reduce the

collective pitch setting of the main rotor in high speed manoeuvres, thereby avoiding

rotor overspeed. The Lockheed Cheyenne, Figure 1.1(f), another notable compound

helicopter, encountered problems with its gyro design which led to a fatal crash [16].

The combination of this crash, as well as other problems with the design and political

issues ended the Cheyenne programme despite promising flight test results. It is clear

that the compounding of a helicopter presents some problems, all of which will have

to be overcome, or at least ameliorated, but the advantages in terms of increasing the

maximum speed of the helicopter are clear.

As well as flight test programmes, there have been collaborative studies which have

explored the potential of the compound helicopter. The United Kingdom’s Ministry

3
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(a) UH-2 Compound Helicopter (b) XH-51A Compound Helicopter

(c) S-67 Compound Helicopter (d) NH-3A Compound Helicopter

(e) 16H-1A Compound Helicopter (f) Lockheed Cheyenne

(g) RSRA Helicopter (h) Sikorsky XH-59A

Figure 1.1: Pictures of various Compound Helicopter Configurations. (Figures has been

removed due to Copyright restrictions.)

of Defence sponsored a programme to investigate the application of an advanced com-

pound helicopter and the powerplant required for this purpose [20]. Balmford and

Benger concluded that a compound helicopter would have numerous benefits such as
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quicker reaction due to its high speed capability and enhanced survivability due to the

increased agility of the aircraft configuration. Furthermore, the proposed configuration

would be capable of accelerating and decelerating at near level fuselage attitude which

would enhance passenger comfort. All of these performance benefits as well as believ-

ing the compound helicopter was a low-risk evolution of the conventional helicopter

prompted further work studying the powerplant that would be required for this Lynx

Compound demonstrator [21].

Although the design of the compound helicopter has considerable merit, an alter-

native approach to achieve high speed flight is the tilt-rotor concept. The concept of

the tilt-rotor is that two rotors are oriented in the same way as a conventional he-

licopter to provide the lifting force in the hover. As the vehicle moves into forward

flight, the two rotors are progressively tilted forward so that the thrust from the two

rotors provide a propulsive force. Eventually the aircraft reaches its “aeroplane” mode

where it resembles a fixed wing aircraft with the two rotors effectively becoming two

prop-rotors with the wing providing the lifting force. The testing of the NASA-US

Army Bell XV-15 aircraft, which began in the 1970s, proved the viability of this design

concept [22]. An extensive period of research followed to develop the tilt-rotor tech-

nology which culminated in the production of the Bell-Boeing V-22 Osprey. Although

this aircraft is currently in production there were numerous difficulties encountered in

the development of this aircraft. The predecessor of the XV-15, the XV-3, encountered

significant aeroelastic issues [23]. Another problem was the design of the control system

due to the mixing of the controls as the aircraft transitions from low speed flight to

high speed flight. In addition, the design of the prop-rotors requires a compromise as

the design of a rotor which offers good hover performance conflicts with the design of

a propeller to provide high propulsive efficiency. For example, the tilt-rotor features a

small rotor diameter which significantly increases the rotor disc loading when compared

to a helicopter operating at a similar weight [1]. Moreover, in the hover and low speed

flight the rotor wakes impinge over the aircraft wing providing an aerodynamic down-

load. This wing download can be attenuated by the use of flaps which effectively reduce

the wetted area of the wing in hover and low speed flight [24]. All of these challenges

have been overcome and the tilt-rotor can fulfil roles that a conventional helicopter

cannot. However, in effect the tilt-rotor design does forfeit the aerodynamic efficiency

of a fixed wing aircraft to retain vertical lift capability. The compound helicopter is an

alternative to tilt-rotor although it is appreciated that a compound helicopter would

not be able to reach the high speeds of the tilt-rotor. However, the compound heli-
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copter is perceived to be a low cost high speed design, that expands the helicopter’s

flight envelope, without the complexity and reliability issues of the tilt-rotor design.

The Design of the Compound Helicopter

It is evident that the addition of compounding to a helicopter design allows the aircraft

to obtain greater flight speeds. However, the introduction of compounding to the vehicle

presents some design issues, such as the location of the propulsive and lifting devices.

The approach of Lockheed, with the Cheyenne as shown in Figure 1.1(f), was to mount

a pusher propeller at the rear of the aircraft in close proximity to the tail-rotor. Lift

compounding was provided by a stub wing. Conversely, the modern Eurocopter X3

uses two propellers which are mounted either side of the fuselage, Figure 1.2. This

design also features a wing to provide additional lift at high speeds. An interesting

approach to increasing the maximum speed of the helicopter is the 1950’s Gyrodyne

concept that was recently revisited by Houston [25]. The Gyrodyne concept employs

a propulsor mounted onto a side of the fuselage to replace the tail rotor and therefore

fulfil the dual role of providing axial thrust and the anti-torque moment. Houston

used the Puma SA330 helicopter in his study and showed that this Gyrodyne set-up

could increase the maximum speed of the helicopter by 50 kt [25]. Clearly, there is

no standard compound helicopter design and each design could feature very different

layouts. The layout of the vehicle would depend on multiple factors such as targeted

customer, the environment the aircraft is expected to operate within and aerodynamic

interactions between the different components of the helicopter design.

Orchard and Newman provide some insight into the fundamental design of the

compound helicopter [26]. Their study investigated the various design aspects of a

compound helicopter such as the wing, rotor and propulsor design. The study suggests

Figure 1.2: The Eurocopter X3 (Figure has been removed due to Copyright restrictions.)
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that a medium size wing should be used to provide a compromise between the beneficial

effect of offloading the rotor at high speeds and the adverse effect of creating aerody-

namic download at low speeds [26]. Their study also highlights the importance of the

wing design to the vehicle, suggesting that an aspect ratio of 6 would be appropriate so

that the wing does not extend into a region where the the main rotor’s tip vortex would

adversely affect the wing’s performance [26]. In terms of thrust compounding, Orchard

and Newman propose that a ducted fan or a propeller(s) would be the most suitable,

in the context of a compound helicopter design, due to their high propulsive efficiencies

in the flight regimes where the compound helicopter is expected to operate [26].

More recently, Moodie and Yeo [27] conducted a design study of a compound

helicopter similar in layout to the Lockheed Cheyenne. Their study focused on the

design of a compound helicopter at its cruise condition of 240kt. The aircraft was sized

to fulfil a mission consisting of carrying 11 troops, a payload of 4015lb, to a distance of

424 km from the departure point. Their results reinforce the potential of the compound

helicopter and highlight the power benefit from slowing the main rotor at cruise [27].

Another potential benefit of the compound helicopter is its ability to carry significant

payloads with various studies investigating compound helicopter designs which could

carry more than 90 passengers [28, 29]. For example, Yeo and Johnson performed a

parametric design study of a 100,000lb compound helicopter which was designed to

be capable of transporting 120 passengers over a 1200nm radius. Their study focused

on a compound helicopter configuration which featured a single main rotor, a wing

and two propellers mounted on either side of the fuselage. One of the primary aims

of the study was to investigate the effects of blade, disc and wing loading on aircraft

performance [28]. The study also examined the influence of the rotor blade design, i.e.

rotor blade twist, taper ratio of the blades and tip speed, on the cruise performance

of the vehicle [28]. Again, the results indicate the possible benefits of the compound

helicopter.

Renewed Interest in the Compound Helicopter

The resurgence of interest in the compound helicopter is partly due to the US Army’s

Future Vertical Lift (FVL) acquisition programme, which aims to replace their existing

fleet of helicopters. The US Army are reviewing the potential of the compound heli-

copter as it may be capable of satisfying their requirements for the next generation of

helicopter. The unique capabilities of the compound helicopter would allow the vehicle

to fulfil various roles in both civil and military markets. One perceived role of the

7



Chapter 1. Introduction 1.1 The Compound Helicopter

Figure 1.3: Piasecki X-49A Speedhawk. (Figure has been removed due to Copyright

restrictions)

compound helicopter is in emergency aid missions. The compound helicopter could

replace the conventional helicopter in this role with the additional benefit of reducing

transit time, due to its greater speed, which is critical in emergency aid situations.

A study by Tannabe et.al. recognised the compound helicopter’s ability to fulfil this

mission requirement as well as additional roles such as disaster relief and maritime

patrol [30]. Due to the potential benefits of the compound helicopter, various heli-

copter manufacturers have begun or completed testing of their prototype vehicles. For

example, Piasecki have recently flight tested the X-49A Speedhawk, Figure 1.3, which

is a variant of the original Piasecki 16H Pathfinder which flew in the 1960s [31]. This

design features a wing and a vectored fan at the rear of the aircraft which fulfils the

dual purpose of providing additional axial thrust as well as the anti-torque moment.

In addition, both Sikorsky and Eurocopter have been testing their demonstrators, the

Sikorsky X2 and the Eurocopter X3.

Due to the need for rotorcraft to travel faster, Sikorsky have revisited the Advancing

Blade Concept (ABC) with the Sikorsky X2 demonstrator aircraft, Figure 1.4. The

Sikorsky X2 with its coaxial rotor, uses the ABC (Advancing Blade Concept) rotor

system to offload the retreating sides of the discs at high speeds and therefore avoid

blade stalling. In high speed flight the lifting duties are shifted towards the advancing

sides of the rotor discs where the local dynamic pressure is high [18]. In this flight

regime, the two rotors provide significant rolling moments around the rotor hub as

the advancing sides of the disc produce much greater lift than the opposing retreating

sides. However, overall hub rolling moment trim is achieved as the upper and lower

rotors provide rolling moments equal in magnitude but in opposing directions. This

was achieved on the XH-59A aircraft by two methods. Firstly, by variable phase angle

8
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Figure 1.4: Sikorsky X2 (Figure has been removed due to Copyright restrictions.)

control which alters the azimuth position where the cyclic controls change the rotor

blade pitch [18]. Secondly, by the introduction of a differential lateral cyclic control to

promote greater loading across the advancing sides of the discs in high speed flight [18].

This concept was originally developed in the 1960s, named the XH-59A aircraft, but

the aircraft never entered production [32]. Recently, the ABC rotor system has been

revisited and the design improved upon with the use of advanced aerofoil sections and

active vibration control [33, 34]. Due to these improvements as well as the pusher

propeller providing an extra component of axial thrust, the Sikorsky X2 is able to

reach speeds of 250kt [35].

In contrast, the wings of the Eurocopter (now Airbus Helicopters) X3 offload the

rotor at high speeds and the propellers provide the propulsive force to overcome the

airframe drag. The two propellers, which are mounted on either side of the aircraft’s

fuselage, provide the yaw control of the vehicle so that a tail rotor is not required. In

high speed flight, the anti-torque responsibilities are shifted to the fin at the rear of

the aircraft which is capable of producing a significant sideforce due to the velocity of

the local airflow. This aircraft design has been flight tested and recent publications

have reported that the Eurocopter X3 is able of reaching a maximum speed of 232kt.

It is therefore clear that these helicopters are capable of greater speeds than their

conventional counterparts. Whilst this is true, there are some other factors with the

compound helicopter design that should be considered. For example, the introduction

of compounding device(s) to the helicopter is likely to increase the total mass of the

vehicle, hence reducing the amount of payload the aircraft can carry. In addition,

this increase in mass would also degrade the hover performance of the vehicle. The

additional complexity of the compound helicopter design could increase the operating

costs of the vehicle due to the need for greater man-hours to maintain the aircraft. These

issues will need to be addressed in the successful design of a compound helicopter.
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1.2 Aims of Research and Structure of this Thesis

It is obvious that the compound helicopter is being taken seriously by the major he-

licopter manufacturers in their pursuit to deliver a rotorcraft with greater speed and

range, whilst maintaining efficient hover capability. It is also clear that due to previous

flight test programmes, and more modern research, there is some literature concerning

the compound configuration. However, the majority of these programmes and studies

are specific to a particular experimental aircraft project. In addition, most of the open

literature focuses of the design and the performance of the compound helicopter. With

the interest of the compound helicopter design increasing, there is a need to investigate

and understand the flight mechanics of the configuration. To this end, the main aim of

this Thesis is to undertake a comprehensive study of the effects of compounding and

how this influences, in a broad sense, the flight mechanics of this class of vehicle. It

is hoped that the conclusions and results from this work will improve the helicopter

community’s understanding of the flight mechanics of the compound helicopter. To

achieve this aim, mathematical models of compound helicopter configurations are de-

veloped and their results are compared with a conventional helicopter configuration.

This comparative element allows the changes of the flight mechanics characteristics,

which arise exclusively from the introduction of compounding to the design, to be iden-

tified. The various flight mechanics attributes which are studied within this Thesis are

the trim, performance, stability and manoeuvrability of these vehicles. The handling

qualities issues of a compound helicopter are also discussed. The structure of the Thesis

follows the research objectives. The following provides a detailed account of the main

objectives of this Thesis.

(i) Generic Compound Helicopter Mathematical Model

The Helicopter Generic Simulation (HGS) package is a well established conven-

tional helicopter package featuring main rotor, tail rotor, fuselage, tailplane and

fin models to successfully simulate a conventional helicopter. Generally, com-

pound helicopters feature wings and a form of thrust compounding commonly

supplied by a propeller. Therefore, it is evident that in order to simulate a

generic compound helicopter that wing and propeller models must be developed.

Furthermore, the ABC coaxial rotor features heavily in the compound helicopter

literature with its ability to relieve the main rotor of retreating blade stall until

high flight speeds. The ABC rotor has been taken seriously with the flight tests of

the Sikorsky X2 and therefore it is only logical that any treatment of compound
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helicopters would assess this type of helicopter. Hence, developing a model of a

coaxial rotor system is required. Therefore, the first aim of this research work

is to extend the existing HGS software package to permit the modelling of a

compound helicopter.

(ii) Development of Compound Helicopter Configurations

As a generic mathematical model of the compound helicopter is used, the next

aim is to develop data sets which represent compound helicopter configurations

which are of interest to the rotorcraft community. The strategy used to develop

compound configuration data-sets is to take an established mathematical model of

a conventional helicopter, and to introduce compounding to the design by adding

propeller(s) and/or wing(s). It is assumed that the introduction of validated pro-

peller and wing models to a conventional helicopter model, of known validity, will

produce results of sufficient fidelity that meaningful conclusions can be drawn.

Recall that the main aim of the Thesis is to examine the effects of compounding,

therefore all of the helicopter configurations feature the same vehicle shape, size

and mass, so that the effects of compounding are isolated from other factors. As

a consequence, the design differences between the aircraft configurations are ex-

clusively due to the introduction of thrust and wing compounding to the designs.

To develop compound helicopter configurations requires a selection of the heli-

copter layout as well as a preliminary design process. Although this is not a

formal design process, where the shape, weight and installed power are selected

to fulfil a particular mission, it is necessary to perform some preliminary design

study to size the compounding device (either propeller(s) or wing(s)) appropri-

ately. Some design effort is required but it is important to highlight that the

design issues with the compound helicopter are not the focus of the Thesis. Once

the compound helicopters are developed, the next aim is to calculate the control

angles required to trim the aircraft configuration at a given flight condition. As

the compound helicopter configurations feature some level of control redundancy,

the standard trim algorithm will have to be amended to accommodate this issue.

Hence, the amended trim algorithm and trim results will be discussed in this

Chapter.

(iii) Performance

Having developed compound helicopter configurations and trimmed the configu-

rations the next logical step is to assess the performance of each configuration. In
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the context of this Thesis, helicopter performance is focused on the power required

at a certain flight condition. Performance can be quantified by the calculation of

standard parameters such as estimation of the power required, lift-to-drag ratios,

hover ceilings, maximum speeds, range and endurance, which all define the ca-

pability of the helicopter. The aim of this performance work is to investigate the

compounding of the conventional helicopter and how the addition of thrust and

wing compounding influences the performance of this aircraft class. It is worth

stressing that this work is not a design exercise, where the weights and power of

each aircraft are sized to fulfil a required mission, but a study to determine the

effects of compounding. Therefore, the performance results should be viewed in

this context.

(iv) Stability

The next research aim of this study is to investigate the stability of these com-

pound helicopter configurations and how their stability differs from that of the

conventional helicopter. The stability of the conventional helicopter is well un-

derstood, and is discussed in various standard helicopter textbooks [7, 36–38],

but to the author’s knowledge how the addition of the wings and propellers alter

that stability has never been reported. Therefore, the aim of this Chapter is to

assess the stability of the compound helicopter configurations through a numeri-

cal linearisation algorithm and compare the results with the baseline helicopter.

Subsequently, the influence of compounding to the stability of the vehicles can

be determined. Chapter 5 begins with an overview of the linearisation algorithm

before presenting the salient stability and control derivatives. The Chapter ends

with a discussion of the predicted eigenvalues of the natural modes of motion

of the compound helicopter configurations and compares these results with the

conventional helicopter.

(v) Manoeuvrability

Another logical question that relates to compound helicopters is how their ma-

noeuvrability differs from that of a conventional helicopter. The aim of the current

work is to determine the maximum manoeuvring capability of the aircraft config-

urations, then to subsequently investigate if the compounding of the conventional

helicopter offers an advantage in this regard. In this Chapter the integration

method of inverse simulation is used to capture the maximum manoeuvrability

of the three aircraft configurations flying standard helicopter manoeuvres.
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(vi) Handling Qualities

One critical component of the compound helicopter configuration are its so-called

handling qualities, as it directly influences mission effectiveness. The addition of

compounding to the aircraft design introduces control redundancy and changes

the response characteristics of the vehicle. It also expands the flight envelope of

the aircraft exposing it to unfamiliar flight regimes. All three of these elements

are important and will strongly influence the handling qualities of this aircraft

class. In the context of simulation, this work takes a broad view of handling

qualities and the issues that need to be addressed to quantify the handling qual-

ities of a compound helicopter configuration. The main aim of this Chapter is to

examine the existing conventional helicopter handling qualities specification and

determine whether it is applicable to compound helicopters. In the areas where

the current handling qualities standards are deemed to be insufficient, incomplete

or inappropriate, then some suggestions are offered.

Research Questions

Fundamentally this Thesis aims to investigate the effects of compounding to the flight

mechanics of this aircraft class. Conveniently, the objectives of this work may be stated

in the form of research questions. The first research question is how does the additional

of compounding influence the flight mechanics of this aircraft type? And in terms of

handling qualities, are the existing helicopter handling qualities specifications applica-

ble to a compound helicopter?. If not, what are the challenges to make the current

specifications suitable for a high speed compound helicopter?. The work presented in

this Thesis aims to answer these broad research questions.

Research Conclusions

The Thesis is completed with Chapter 8 discussing the conclusions of the work. The

Chapter summarises the main findings of the Thesis and how the main research ques-

tions were answered.

1.3 Originality and Contribution

A significant body of work relating to the compound helicopter is available in the

open literature. However, the majority of the literature describes experimental test
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programmes and focuses on the design of the compound helicopter. There seems to be

a gap in the literature which reports the effects of compounding on the trim, stability,

manoeuvrability and handling qualities of this aircraft class. The major contribution

of this Thesis is to address this gap in the literature highlighting the novelty of this

research. This gap has been partly filled by the results from this work which have been

published in the literature. The following is a brief summary of the published work

Journal Articles

Ferguson, K., and Thomson, D., “Flight dynamics investigation of compound helicopter

configurations,” Journal of Aircraft , 52(1), 2015, pp. 156-167.

(doi:10.2514/1.C032657)

Ferguson, K., and Thomson, D., “Performance comparison between a conventional

helicopter and compound helicopter configurations,” Proceedings of the Institution of

Mechanical Engineers, Part G: Journal of Aerospace Engineering , 2015

(doi: 10.1177/0954410015577997)

Ferguson, K., and Thomson, D., “Maneuverability assessment of a compound heli-

copter configuration,” Journal of the American Helicopter Society , 2015 (Accepted for

Publication)

Conference Proceedings

Ferguson, K., and Thomson, D. (2014) Manoeuvrability assessment of a hybrid com-

pound helicopter configuration. In: 40th European Rotorcraft Forum, Southampton,

UK, 2-5 Sep 2014.

Ferguson, K., and Thomson, D. (2014) A performance analysis of compound helicopter

configurations. In: AHS 70th Annual Forum, Montreal, Canada, 20-22 May 2014.

Ferguson, K., and Thomson, D. (2013) A flight dynamics investigation of compound he-

licopter configurations. In: AHS 69th Annual Forum and Technology Display, Phoenix,

AZ, USA, 21-23 May 2013, pp. 1-15.

In this publication list, the application of inverse simulation to a compound heli-

copter, which has not been reported in the literature, has been recently published by

the author highlighting the novelty of this research. This is only one example as there

are other elements of this Thesis which may be viewed as original. For example, the
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stability of the compound helicopter is also reported in this list. This publication list

reinforces that the work presented within this Thesis is both timely and original. In

addition, it is not only the results that can be viewed as novel but also the tools and

techniques which are required to assess the compound helicopter. For example, the

Thesis presents an inverse simulation algorithm that has been altered to accommodate

the inherent control redundancy of the compound helicopter. Hence, both the results

and the extension of the inverse simulation algorithm can be viewed as original pieces

of work.

At the time of writing, there is a veritable interest in the compound helicopter by

the major helicopter manufacturers as they attempt to develop a helicopter to satisfy

the demands placed on the next generation of rotorcraft. To date, there is no single

source which covers all of the flight dynamics aspects of the compound configuration.

This alone is a major contribution to the industry. More importantly, the outcomes of

this Thesis will highlight the salient flight mechanics issues of the compound helicopter.

This would improve the industry’s understanding of the compound helicopter and the

results from this Thesis may be used in the design process. Consequently, the results

from this work are important, timely and relevant. It is also possible that the tools

developed in Thesis will be used by the industry to further investigate the merits of the

compound helicopter. Overall this Thesis will significantly contribute to the rotorcraft

community’s understanding of the compound helicopter.

15



Chapter 2

Mathematical Modelling of

Compound Helicopters

2.1 Introduction

The main aim of this Thesis is to undertake a comprehensive study of the effects of

compounding and how it influences the flight mechanics of this aircraft class. The

starting point is to develop mathematical models which represent compound helicopter

configurations. The modelling approach is to take the HGS package which is an exist-

ing, and well established, helicopter simulation package and extend this to be capable

of simulating a compound vehicle. To achieve this aim, it is necessary to develop math-

ematical models which represent a propeller and a wing. In addition, the Sikorsky

advancing blade concept features significantly in the compound helicopter literature,

therefore a coaxial rotor model is also required. To this end, the main objective of

this Chapter is to describe the modelling approach. The Chapter begins by giving an

overview of the modelling approach and then describes the development of the main

rotor model. It is important to highlight that the modelling of the single main rotor

is not a novel piece of work. However, the main rotor is a significant component to

the helicopter and therefore it is worthwhile presenting the model to understand the

model’s distinguishing features. The Chapter then proceeds to discuss the enhancement

of the HGS package, which includes the creation of a coaxial rotor, propeller and wing

models. Each of these new models is validated with wind-tunnel experiments to ensure

that the models are of sufficient fidelity to capture the fundamental behaviour of the

appropriate device. The achievements of this Chapter are then listed in a summary at

the end of this Chapter.
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2.2 An Overview of the Modelling

In order to analyse the dynamic characteristics of any vehicle is it necessary to develop

the equations of motion of the vehicle. For most engineering applications the rigid body

Euler equations are used to calculate the vehicle’s dynamic states relative to its centre

of gravity position. The familiar Euler rigid body equations are:

U̇ = −(WQ− V R) +
X

Ma
− g sin Θ (2.1a)

V̇ = −(UR−WP ) +
Y

Ma
+ g cos Θ sin Φ (2.1b)

Ẇ = −(WQ− V R) +
Z

Ma
− g sin Θ (2.1c)

IxxṖ = (Iyy − Izz)QR+ Ixz(Ṙ+ PQ) + L (2.1d)

IyyQ̇ = (Izz − Izz)RP + Ixz(R
2 − P 2) +M (2.1e)

IzzṘ = (Ixx − Iyy)PQ+ Ixz(Ṗ −QR) +N (2.1f)

Referring to Figure 2.1, the U, V,W terms are the translational velocities relative to

the body axes set in the directions of the unit vectors ib, jb,kb. The angular rates

relative to the aircraft centre of gravity are P,Q,R were positive rotation is defined

by the right hand screw rule. The mass of the helicopter is represented by Ma and

is assumed to be constant. The terms Ixx, Iyy, Izz are the moments of inertia of the

helicopter around the xb, yb, zb axes and Ixz is the product of inertia of the helicopter.

It is assumed that these equations of motion, Equations (2.1), are for a vehicle with

a plane of symmetry in the xb-zb plane. This is usually the case for most helicopter

configurations, therefore Ixy and Iyz are assumed to be zero throughout this Thesis.

However, it is recognised that if the vehicle did not have an inertial plane of symmetry

then the terms Ixy and Iyz would need to be computed, leading to additional terms

in Equations (2.1d) - (2.1f). The fuselage pitch and roll attitudes are given by Θ,Φ

and the X,Y, Z terms are the external forces acting in the unit directions ib, jb,kb,

respectively. Similarly, the L,M,N terms are the external moments about the body

axes. Figure 2.1 shows the states and external moments and how they are defined

relative to the body axes set.

The kinematic expressions relating the Euler rates to the body states are
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Figure 2.1: States Variables as Referred to the Body Axes Set

Φ̇ = P +Q sin Φ tan Θ +R cos Φ tan Θ (2.2a)

Θ̇ = Q cos Θ−R sin Θ (2.2b)

Ψ̇ = Q sin Φ sec Θ +R cos Φ sec Θ (2.2c)

where Ψ is the heading angle of the helicopter. The fuselage angles are relative to an

axes set which is inertially fixed at a point on the Earth, known as the Earth axes

(xe, ye, ze). The relationship between the body axes and the Earth axes set is seen in

Figure 2.2. The helicopter velocities relative to the Earth can be found by using the

fuselage attitudes as well as applying a transformation matrix
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ẋeẏe
że

 =

l1 m1 n1

l2 m2 n2

l3 m3 n3

UV
W

 (2.3)

where,

l1 = cos Θ cos Ψ

l2 = cos Θ sin Ψ

l3 = − sin Θ

m1 = sin Φ sin Θ cos Ψ− cos Φ sin Ψ

m2 = sin Φ sin Θ sin Ψ + cos Φ cos Ψ

m3 = sin Φ cos Θ

n1 = cos Φ sin Θ cos Ψ + cos Φ sin Ψ

n2 = cos Φ sin Θ sin Ψ− cos Φ cos Ψ

n3 = cos Φ cos Θ

These Equations, Equations (2.1) - (2.3), are given in generic form and can therefore

simulate any vehicle assuming that the external forces and moments of the vehicle can

be calculated. To successfully simulate a compound helicopter it is necessary to calcu-

late the external forces and moments acting at and around the compound helicopter’s

centre of gravity. This is most conveniently achieved by considering the aircraft to

be composed of a number of major components (rotor, fuselage, wing, etc.) and to

sum together the contributions from each of these to obtain the total values of the

forces and moments. For each component expressions are derived for the contribution

to the total external forces and moments. By adding the various aircraft components

together it is assumed that each system acts independently from one another. There-

fore, aerodynamic interactions between components are not modelled. Aerodynamic

interactions could be modelled by the use of semi-empirical models which are derived

from extensive wind-tunnel testing. In the absence of the wind-tunnel results which

represents the helicopter configurations presented in this Thesis, it is difficult to take

into account aerodynamic interactions between different aircraft components. Due to

the lack of experimental data, it is assumed that aerodynamic interactions are small

and will not significantly influence the results. Considering a conventional helicopter,

the forces and moments are composed as follows
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Figure 2.2: Earth and Body Frames of Reference

X = Xrot +Xt.r +Xfus +Xt.p +Xfin

Y = Yrot + Yt.r + Yfus + Yt.p + Yfin

Z = Zrot + Zt.r + Zfus + Zt.p + Zfin

L = Lrot + Lt.r + Lfus + Lt.p + Lfin

M = Mrot +Mt.r +Mfus +Mt.p +Mfin

N = Nrot +Nt.r +Nfus +Nt.p +Nfin

However, with a compound helicopter the above Equations will have additional terms

representing the forces and moments produced by the appropriate source of compound-
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ing. So for example, for a configuration with contra-rotating main rotor and a propeller

providing thrust compounding, the external forces and moments would be

X = Xupper
rot +X lower

rot +Xfus +Xt.p +Xfin +Xprop

Y = Y upper
rot + Y lower

rot + Yfus + Yt.p + Yfin + Yprop

Z = Zupper
rot + Z lower

rot + Zfus + Zt.p + Zfin + Zprop

L = Lupper
rot + Llower

rot + Lfus + Lt.p + Lfin + Lprop

M = Mupper
rot +M lower

rot +Mfus +Mt.p +Mfin +Mprop

N = Nupper
rot +N lower

rot +Nfus +Nt.p +Nfin +Nprop

Individual calculations are made for the upper and lower rotors, the tail-rotor is not

present in this vehicle, and a component for the thrust of the propeller is added. The

methods used to model each of the helicopter’s components are important as they define

the level of fidelity of the simulation. Consequently, the approaches to calculate each

component’s contribution to the overall external forces and moments are presented in

the following sections.

2.3 The Helicopter Generic Simulation (HGS) Package

The compound helicopter models are developed using the Helicopter Generic Simulation

(HGS) package [36, 39]. The HGS package is a conventional disc-type rotorcraft model,

as described by Padfield [36], and has found extensive use in studies of helicopter flight

dynamics. The HGS software has been validated by configuring the package to represent

the AgustaWestland Lynx and subsequently comparing simulation results to flight test

trials. The validation data was supplied by the Defence Research Agency [40] and

the simulation results compared favourably with the flight tests [41, 42]. The HGS

package is generic in structure, with only the helicopter’s parameters required to model

the vehicle. Therefore, the HGS package can be easily edited to represent different

conventional helicopters. For example, the HGS software package has been used to

represent the AgustaWestland Lynx and the Puma helicopter [41]. The HGS package is

developed on the MATLAB® environment, which is a technical language used for many

engineering applications. Perhaps the most distinguishing feature of the package is the

main rotor model. The main rotor model ignores the lagging degree of freedom therefore

assuming that the flapping dynamics have the most influence in terms of the helicopter’s
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flight dynamic characteristics. The flapping dynamics are assumed to be quasi-steady,

a common assumption in main rotor modelling, therefore permitting a multi-blade

representation of the main rotor. The main rotor is assumed to be centrally hinged

with stiffness in flap with the main rotor chord assumed to be constant. One important

assumption, within the rotor model, is that the aerodynamics are linear, so that lift is

a linear function of the local blade angle of attack whereas the drag is modelled by a

simple polynomial. Due to this assumption, non-linear aerodynamics such as retreating

blade stall and compressibility are not modelled. Regarding the modelling of the other

subsystems of the rotorcraft, the forces and moments of the tailplane, fuselage and

fin calculated using a series of look-up tables derived from experimental data. The

subsequent section describes fully the rotor model used in the HGS software package.

2.4 Rotor Model

In helicopter simulation, the main rotor consumes the most modelling effort. The main

rotor is the most significant component of the helicopter and it needs to be modelled

accurately so that meaningful results can be obtained. It is also the most complex

component of the helicopter due to rotor blades flapping and lagging motions which

occur as the rotor blades travel around the rotor’s shaft. This particular section gives

an overview of the rotor model within the HGS Package which was developed by Thom-

son [39]. Most rotor models begin with calculating the velocities and accelerations at

each blade element to derive the forces and moments around the main rotor’s hub.

The aerodynamic, inertial and flapping forces all combine to produce the total force

produced by a rotor blade, which can be calculated by integrating the blade sectional

forces. Generally, the loads can be determined through either numerical or analytical

integration of the elemental forces, with the HGS rotor model integrating the loads

analytically. Note that typically the HGS rotor model is referred to as a “disc” model.

As the elemental velocities and accelerations vary with both radial and azimuth po-

sition then the forces and moments are inherently periodic. However, the HGS rotor

model does not model the periodicity of the rotor blades: instead it applies the quasi-

steady assumption that only the steady components of the periodic forces influence

the vehicle’s rigid body dynamics. In order to faithfully model the periodicity of the

rotor blades would require an “individual blade” model, examples of which are given

by Rutherford, Houston and Mansur [43–45], which consequently results in unsteady

forcing of the main rotor, even in trimmed flight. The individual blade model does

offer higher levels of fidelity and allows for the inclusion of complex rotor blade shapes.
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However, integrating the inertial and aerodynamic loads numerically does increase run

times and increase complexity. In contrast, a disc model is able to run quickly regardless

of the processing power of the computer.

In the development of the rotor model, various assumptions are required to inte-

grate the loads analytically and therefore derive closed loop expressions that determine

the rotor forces and moments. In terms of the aerodynamics, the main assumptions

are the following:

� The airflow is assumed steady and incompressible, therefore compressibility effects

are ignored.

� The reverse flow region of the rotor disc is assumed to be small.

� The aerodynamics of each rotor blade element are assumed to be linear. There-

fore, the lift coefficient is assumed to be of the form Cl = a0α+ a1 and the drag

coefficient takes the form of Cd = δ0 + δ1C
2
T .

� Blade stalling is not modelled.

� The induced velocity is comprised of a uniform component over the rotor disc

with first harmonic variations, see Appendix A.

� Aeroelastic effects are not modelled.

� The local aerodynamic forces act at the quarter chord of the rotor blade, therefore

it is assumed that the pitching moment of the blade is small and therefore ignored.

Furthermore, the geometric properties of each rotor blade, the subsequent assumptions

are made:

� The rotor blades are centrally hinged and assumed to be rigid.

� The rotor blades feature constant chord and aerofoil profile.

� The lagging dynamics of the blade are not modelled.

� The twist across the blades is of linear form, given by θtwist(r̄/R).

� The root cut out region of the rotor blade is given by the distance eR from the

centre of rotation.
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Kinematics of a Rotor Blade Element

Velocity of a Rotor Blade Element

The starting point to calculate the rotor forces and moments begins with deriving

expressions of the rotor blade’s velocity and acceleration at a given point along the

rotor blade. Due to the complex motion of the blade, various axes systems are required,

namely the body, hub, shaft and blade axes sets, which all require transformation

matrices to relate expressions from one axes set to another. Figure 2.3 shows the

relationship between the body, hub and shaft axes. Beginning with the body axes set,

the velocity of the rotor hub relative to the body axes is given by the expression

vbody
hub = vbody

c.g. + ωbody × rbody
c.g.→hub (2.4)

The body axes are rotated about jb by the shaft angle, γsh, to form the disc axes set.

Forward inclination of the disc axes is denoted by a positive angle with the following

transformation matrix relating the body and disc axes sets

Figure 2.3: Relationship between the body, rotor disc and shaft axes
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Tbody→disc =

 cos γsh 0 sin γsh

0 1 0
− sin γsh 0 cos γsh

 (2.5)

The velocity of the rotor hub in the rotor disc axes can be determined with the product

of the transformation matrix, given by Equation (2.5), and the rotor hub velocity in

body axes

vdisc
hub = Tbody→disc vbody

hub (2.6)

Similarly, the rotational velocity of the disc axes set is the product of the transformation

matrix, from body to disc axes, and the rotational velocity of the body axes set

ωdisc = Tbody→disc ωbody (2.7)

Following on from the disc axes set, another axes set is introduced which rotates

with the rotor shaft and is known as the rotating shaft axes set. This axes set is seen

in Figure 2.3. The transformation between the hub and shaft axes is related by the

azimuth position of the rotor blades, which is given by

Tdisc→shaft =

− cosψ sinψ 0
− sinψ − cosψ 0

0 0 1

 (2.8)

Therefore, the velocity of the rotor hub in shaft axes is the following

vshaft
hub = Tdisc→shaft vdisc

hub (2.9)

Meanwhile, the rotational velocity of the shaft axes set is determined by the addition

of the rotational speed of the main rotor to the product of transformation matrix,

Equation (2.8), and the rotational velocity of the disc axes set. This leads to the

expression

ωshaft = Tdisc→shaft ωdisc +

0
0
Ω

 (2.10)
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Figure 2.4: Relationship between the rotor shaft and blade axes

The translational and rotational velocities have been derived in the shaft axes

set. The next step is to determine these kinematic expressions in the blade axes set,

allowing for the calculation of the main rotor’s aerodynamic and inertial forces. As seen

in Figure 2.4, the shaft axes set is rotated by the flapping angle of the rotor blade to

obtain the blade axes set. The blade axes set has its origin at the aerodynamic centre

of the rotor blade element and the corresponding transformation matrix, assuming that

the flapping angle is small, between shaft and blade axes is

Tshaft→blade =

cosβ 0 − sinβ
0 1 0

sinβ 0 cosβ

 ≈
1 0 −β

0 1 0
β 0 1

 (2.11)

Therefore, the translational velocity of the rotor hub in the blade axes set is
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vblade
hub = Tshaft→blade vshaft

hub (2.12)

Moreover, the rotational velocity of the rotor hub in blade axes is

ωblade = Tshaft→blade ωshaft (2.13)

With the translational and rotational velocities of the rotor hub in blades axes defined,

Equations (2.12) and (2.13), the velocity of a given rotor blade element in blade axes

can be determined by the following

vblade
el = vshaft

hub + (ωblade × rblade
hub→el) (2.14)

which may be written as

vblade
el = vblade

x ibl + vblade
y jbl + vblade

z kbl (2.15)

Acceleration of a Rotor Blade Element

The velocities of a rotor blade element have been developed but the accelerations are

also required as they give rise to the main rotor’s inertial forces. The derivation of

the rotor blade accelerations are similar to that of the development of the velocity

expressions. The acceleration of the main rotor hub relative to the body axes set is

abody
hub = abody

c.g. + ωbody × (ωbody × rbody
c.g.→hub) + (αbody × rbody

c.g.→hub) (2.16)

The transformation matrices, Equations (2.5), (2.8) and (2.11), allow the acceleration

of the rotor hub to be expressed in blade axes

ablade
hub = Tshaft→blade Tdisc→shaft Tbody→discabody

hub (2.17)

where the acceleration of the centre of gravity, in body axes, is
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abody
c.g. =

(
U̇ +WQ− V R

)
ib (2.18)

+
(
V̇ + UR−WP

)
jb (2.19)

+
(
Ẇ + V P − UQ

)
kb (2.20)

(2.21)

and the rotational accelerations, in body axes, are

αbody =
[
Ṗ Q̇ Ṙ

]T
(2.22)

The accelerations in the shaft axes can be derived by transforming between the relevant

axes sets. The acceleration of the hub, in disc axes, is

adisc
hub = Tbody→discabody

hub (2.23)

which can also be stated in the following manner

adisc
hub = adisc

x idisc + adisc
y jdisc + adisc

z kdisc (2.24)

and the rotational acceleration of the disc axes set is

αdisc = Tbody→discαbody (2.25)

By applying the transformation between the disc and shaft axes sets, the acceleration

of the rotor hub, in shaft axes, is

ashaft
hub = Tdisc→shaftadisc

hub (2.26)

Assuming that the rotorspeed can vary, then the rotational acceleration of the shaft

axes is
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αshaft = Tdisc→shaftαdisc +
[
0 0 Ω̇

]T
(2.27)

The acceleration of the rotor hub, in blade axes, is

ablade
hub = Tshaft→bladeashaft

hub (2.28)

The absolute acceleration of a point of a blade element, in blade axes, is given by

ablade
el = ablade

hub + ωblade ×
(
ωblade × rblade

hub→el

)
+αblade × rblade

hub→el (2.29)

which is conveniently expressed as

ablade
el = ablade

x ibl + ablade
y jbl + ablade

z kbl (2.30)

The rotational acceleration of the blade axes set is obtained by applying the standard

transformation and including the second order flapping time derivative

αblade = Tshaft→bladeαshaft +
[
0 β̈ 0

]T
(2.31)

Rotor Forces and Moments

There are two forces that act on a given rotor blade element; namely aerodynamic and

inertial forces. Therefore, for a rotor blade element the local force may be expressed as

fblade
el = −m0a

blade
x ibl +

(
fblade

y −m0a
blade
y

)
jbl +

(
fblade

z −m0a
blade
z

)
kbl (2.32)

where m0 is the mass per unit span of the blade and the terms, fblade
y and fblade

z ,

represent the aerodynamic forces in the jbl and kbl directions, respectively. To calculate

the total force the main rotor produces requires integration across the blade and around

the azimuth. Due to the complex nature of these forces it is convenient to discuss the

aerodynamic and inertial forces separately.
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Aerodynamic Forces

The aerodynamic forces at each element are a function of the local air velocity and

local angle of attack. The local air velocity is given by the magnitude of vblade
el . The

local angle of attack is best determined by splitting the local air velocity into tangential

and normal components. The tangential velocity of a rotor blade element is

vtan = −vblade
y (2.33)

whereas the normal component of the velocity is

vn = vblade
z − vi (2.34)

where vi is the induced velocity at the rotor disc. The induced velocity is composed of

three elements - a steady inflow term and two first order harmonic terms. The inflow

model allows for the induced velocity to vary with both radial and azimuth position,

with a complete description of the model given in Appendix A. Ignoring spanwise flow,

the local air velocity is therefore

vres =
√
v2

n + v2
tan (2.35)

The local blade angle of attack is a function of the inflow angle, blade pitch and the

spanwise twist of the blade. The inflow angle, φ, is calculated by using the tangential

and normal velocities of the blade element

φ = sin−1 vtan√
v2

tan + v2
n

(2.36)

The pitch angle of the rotor blade element is a function of the collective and cyclic

controls

θpitch = θ0 + θ1s sinψ + θ1c cosψ (2.37)
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Figure 2.5: Lift and drag forces on a rotor blade element

Generally a rotor blade features twist in order to improve hover performance. Com-

monly the variation of twist along the rotor blade is linear, although in this model the

twist can be nonlinear. In both cases the twist is a function of the blade element’s

radial position, θtwist(r̄). The local blade angle of attack is

αbl = θpitch + φ+ θtwist(r̄) (2.38)

Since the local air velocity and angle of attack are known, then the local lift and drag

forces of each blade element can be determined. The lift and drag forces, per unit span,

are given by the following standard expressions

l̄ = 1
2ρv

2
resca0α (2.39)

d̄ = 1
2ρv

2
rescδ (2.40)

The aerodynamic forces, lift and drag, act parallel and perpendicular to the local

airflow direction as seen in Figure 2.5. It is also assumed that these aerodynamic forces

act at the quarter chord point of the blade, which is a common modelling assumption.

Due to this assumption the pitching moment of the rotor blade will be relatively small

for most flight conditions and therefore has been neglected when the rotor moments are

considered. Clearly, a transformation is required to determine the aerodynamic forces

in the blade axes set. The aerodynamic forces, per blade element and in blade axes,

are
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fblade
aero =

 0
d̄ cosφ− l̄ sinφ
−l̄ cosφ− d̄ sinφ

 (2.41)

This type of rotor model, commonly referred to as a disc model, makes various as-

sumptions to cast the forces and moments in closed loop form. The model assumes

that the chord along the rotor blade is constant and that the local aerodynamics are

two-dimensional. Further, one assumption is that Equation (2.41) can be simplified by

assuming that the inflow angle, φ, is small thereby permitting the small angle assump-

tion. In addition, the term d̄φ is small compared to l̄ so that the aerodynamic forces,

per blade element and in blade axes, become

fblade
aero =

 0
d̄− l̄φ
−l̄ − d̄φ

 (2.42)

In its fully expanded form, the aerodynamic forces are

fblade
aero =

1

2
ρca0


0

δ
a0
v2

tan − vnvtanθ − v2
n

v2
tanθ + vnvtan

 dr (2.43)

where the term r represents the radial position of the blade element in dimensional form.

The aerodynamic forces are expressed in non-dimensional form in the HGS package,

with Equation (2.43) becoming


Cblade

x aero

Cblade
y aero

Cblade
z aero

 =
1

2
σa0


0∫ 1−e

0

(
δ
a0
v̄2

tan − v̄nv̄tanθ − v̄2
n

)
∫ 1−e

0

(
v̄2

tanθ + v̄nv̄tan

)
 dr̄ (2.44)

σ =
Nbc0.75

πR

r̄ =
r − eR
R
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v̄tan =
vtan

ΩR

v̄n =
vn

ΩR

These forces can either be integrated analytically or numerically to determine the total

force produced by the blade. This is one distinguishing feature between “individual

blade” and “disc” models, with the “disc” model analytically integrating the equations.

The analytical integration of Equation (2.44) is carried out with the aid of a symbolic

mathematics package. The HGS package considers only the steady and one per rev

forcing, which results in the aerodynamic coefficients


Cblade

X aero

Cblade
Y aero

Cblade
Z aero

 = − 1

2Nb
σa0


0

Cblade
Y 0 aero + Cblade

Y 1s aero sinψ + Cblade
Y 1c aero cosψ

Cblade
Z 0 aero + Cblade

Z 1s aero sinψ + Cblade
Z 1c aero cosψ

 (2.45)

Inertial Forces

The local inertial force, which is given by Newton’s 2nd law, is the product of the

mass per unit span and the local acceleration of the quarter chord point, in blade axes.

Hence, the inertial force of a blade element is

fblade
in = m0


ablade

x

ablade
y

ablade
z

 (2.46)

which can be integrated analytically to obtain the total inertial force of the blade. The

inertial force is normalised and only the steady and one per rev forcing is considered,

which results in the inertial force coefficients


Cblade

X in

Cblade
Y in

Cblade
Z in

 =


Cblade

X 0 in + Cblade
X 1s in sinψ + Cblade

X 1c in cosψ

Cblade
Y 0 in + Cblade

Y 1s in sinψ + Cblade
Y 1c in cosψ

Cblade
Z 0 in + Cblade

Z 1s in sinψ + Cblade
Z 1c in cosψ

 (2.47)
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Total Rotor Forces

As stated previously, the total rotor forces comprise of aerodynamic and inertial terms

as illustrated in Equation (2.32). The total rotor force is therefore the aerodynamic

contribution minus the inertial force, leading to the following


Cblade

X rot

Cblade
Y rot

Cblade
Z rot

 =


Cblade

X 0 + Cblade
X 1s sinψ + Cblade

X 1c cosψ

Cblade
Y 0 + Cblade

Y 1s sinψ + Cblade
Y 1c cosψ

Cblade
Z 0 + Cblade

Z 1s sinψ + Cblade
Z 1c cosψ

 = Cblade
rot (2.48)

The final step involves converting the rotor force equations into body axes and

multiplying them with ρ(ΩR)2πR2 to determine their contribution to the total external

forces. Hence, the forces the main rotor produces in body axes are predicted to be

Xrot

Yrot

Zrot

 = ρ(ΩR)2πR2
(
Tbody→disc

)T (
Tdisc→shaft

)T (
Tshaft→blade

)T
Cblade

rot (2.49)

External Moments

The contribution of the main rotor to the external moments arises from two sources.

The first source is the rotor hub moment that is due to the blade lift shear force at the

effective flap hinge [36]. Secondly, the rotor thrust vector is likely to be offset from the

centre of gravity position, thereby producing an external moment. The hub moment

per unit span is given by

mblade
el = rblade

hub→el × fblade
el (2.50)

which in its expanded form becomes

mblade
el = −r

(
fblade

z −m0a
blade
z

)
jbl + r

(
fblade

y −m0a
blade
y

)
kbl (2.51)

The kbl moment term is the blade element contribution to the blade flapping moment,

whereas the jbl term describes the blade element contribution to the rotor torque. The
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total moments are conveniently split into aerodynamic and inertial contributions. The

total external moment produced by one rotor blade is therefore

∫ R

eR

(
rblade

hub→el ×
(
fblade
aero − fblade

in

))
dr =

 0
Kββ

Cblade
Q rotρ (ΩR)2 πR3

 (2.52)

The flapping equation is derived by assuming that the flapping motion is resisted by

the stiffness of the rotor hub, Kβ, with the flapping equations of motion discussed

later. The value of Kβ is chosen to match the flapping frequency ratio of the main

rotor [36]. Typical values of this spring strength are 166 kN.m/rad, 113 kN.m/rad

and 48 kN.m/rad which correspond to the Lynx, Bo-105 and Puma SA330 helicopters,

respectively [36]. The torque equation, described by the kbl term in Equation (2.51),

is integrated analytically with the use of Mathematica. The aerodynamic contribution

to the torque equation is

Cblade
Q aero =

1

2σNb
a0

∫ 1−e

0

(
δ

a0
v̄2

tan − v̄tanv̄nθ − v̄2
n

)
(r̄ + e) dr̄ (2.53)

Considering only the steady and one-per-rev terms, the aerodynamic torque is given

by

Cblade
Q aero = Cblade

Q 0 aero + Cblade
Q 1s aero sinψ + Cblade

Q 1c aero cosψ (2.54)

where the coefficients Cblade
Q 0 aero, Cblade

Q 1s aero and Cblade
Q 1c aero, are obtained by the analyt-

ical integration of Equation (2.53). The inertial contribution to the rotor torque, in

dimensional form, is

Qblade
in = −

∫ R

eR

(
m0a

blade
y r

)
dr (2.55)

The inertial contribution of one blade is in the form

Cblade
Q in = Cblade

Q 0 in + Cblade
Q 1s in sinψ + Cblade

Q 1c in cosψ (2.56)

with the coefficients obtained by normalising Equation (2.55) and performing the ana-

lytical integration. Hence, the total rotor blade contribution can be expressed as
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Cblade
Q rot = Cblade

Q 0 rot + Cblade
Q 1s rot sinψ + Cblade

Q 1c rot cosψ (2.57)

where the coefficients are

Cblade
Q 0 rot =

σa0

2Nb
Cblade

Q 0 aero − Cblade
Q 0 in, . . . etc (2.58)

Therefore with the calculation of Cblade
Q rot, the external moments, in blade axes, can

be determined with the use of Equation (2.52). The total moment vector, in blade

axes, can be expressed as

Mblade
rot =

[
Lblade

rot Mblade
rot Nblade

rot

]T
(2.59)

so that the total external moment contribution of the main rotor, including the rotor

thrust vector being offset from the centre of gravity, is

Mbody
rot =

(
Tbody→disc

)T (
Tdisc→shaft

)T (
Tshaft→blade

)T
Mblade

rot . . .

+
(
rbody

c.g.→hub × Fbody
rot

)
(2.60)

Flapping Equation

The flapping angles can be expressed in individual blade co-ordinates (IBC) or in

multi-blade co-ordinates (MBC) [36]. With the IBC formulation, the flapping angles

are dependent on the blade number and azimuth position. However, by transforming

the IBC to the the MBC formulation, the flapping angles are described by the coning

angle, β0, the longitudinal flapping angle, β1c, the lateral flapping angle, β1s, and the

differential coning angle, β0d. The HGS rotor model, as outlined previously, describes

the flapping angles in MBC, requiring a transformation from IBC to MBC. Assuming

that the main rotor has four blades, the IBC are

βI =
[
β1 β2 β3 β4

]T
(2.61)
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which describes the flapping angles of the individual blades. This is the result that

occurs when the evaluating the jbl component of Equation (2.52), which is

∫ R

eR

(
fblade

z −m0a
blade
z

)
rdr = Kββi (2.62)

which can also be expressed in the form

β”
I + CI (ψ)β’

I + DI (ψ)βI = HI (ψ) (2.63)

In contrast, the MBC are given by

βM =
[
β0 β0d β1s β1c

]T
(2.64)

which effectively describes the tilt of the rotor disc relative to the hub axes. The

transformation between IBC to MBC is discussed in detail by Padfield [36], and the

transformation in vector form is

βI = LββM (2.65)

where

Lβ =


1 −1 cosψ sinψ
1 1 sinψ − cosψ
1 −1 − cosψ − sinψ
1 1 − sinψ cosψ

 (2.66)

Applying the transformation from IBC to MBC, Equation (2.63) becomes

β”
M + CM (ψ)β’

M + DM (ψ)βM = HM (ψ) (2.67)

where

CM = L−1
β

(
2L

′
β + CILβ

)
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DM = L−1
β

(
L

′′
β + CIL

′
β + DILβ

)

HM = L−1
β HI

Equation (2.67) describes the flapping angles in MBC, however the expression is com-

monly reduced further by exercising the quasi-steady assumption. This assumption

implies that the rotor flapping motion is fully decoupled from the fuselage since the

flapping modes are much faster than the body modes. Another assumption is to ne-

glect the periodic terms in Equation (2.67) so that the MBC flapping angles can be

calculated by

βM = D-1
M 0HM 0 (2.68)

2.5 Coaxial Rotor Model

The coaxial rotor is modelled by using two multiblade rotor models spaced vertically

apart. The upper rotor rotates in an anticlockwise direction (when viewed from above),

whereas the lower rotor rotates in a clockwise direction. In terms of a conventional

single rotor, the Pitt and Peters dynamic inflow model [46] is the most commonly used

in helicopter flight dynamics. To date, an equivalent model representing the inflow

through a coaxial rotor is not available within literature, although initial attempts

have been made [47, 48]. The development of such a model would be a significant

contribution to the rotorcraft community but unfortunately the development of such

a model is beyond the scope of the current work. With the growth of interest in

coaxial rotors, partly due to the development of the Sikorsky X2, clearly there is need

for such a model and appropriate test data for validation. For the time being, a

simple steady momentum theory approach, used in simple conventional rotor models, is

adapted to represent the inflow of a coaxial configuration. This steady version assumes

that the induced velocity changes instantaneously across the rotor disc, therefore not

faithfully modelling the dynamic lag of the induced velocity [49]. In terms of steady

coaxial inflow representations, various models have been created, with Leishman and

Syal [50] and Leishman and Ananthan [51] developing a coaxial inflow model by slightly

adapting the classical blade element momentum approach. The results show very good
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agreement with experiments in hover and in axial flight. Kim and Brown used another

approach, using the vorticity transport model to estimate the performance of a coaxial

rotor [52, 53]. The coaxial rotor inflow model used here is a similar inflow model to that

of Leishman and Syal [50] and Leishman and Ananthan [51], with a few adaptations.

The first assumption made in the development of the coaxial inflow model is that the

inflow of the lower rotor does not affect the upper rotor’s ability to generate thrust.

The second assumption is that the rotors are sufficiently close together that the wake

from the upper rotor does not contract radially inward and does not fully develop. This

assumption can be justified as it is assumed that the rotor is similar to that of the ABC

rotor, featuring very stiff blades with a small separation distance between the rotors.

Hence, the relationship between the rotor thrust and the induced velocity of the upper

rotor is

CTU
= λu

√
µ2 + (µz − λu)2 (2.69)

where λu represents the normalised uniform inflow velocity across the upper rotor disc

and µz is the normalised vertical velocity of the rotor hub. The lower rotor’s inflow

consists of a combination of its own induced velocity and the upper rotor’s induced

velocity. A similar approach was previously used by Sikorsky [54], and it showed good

agreement with experimental results. The inflow equation for the lower rotor is

CTL
= 2λl

√
µ2 + (µz − λl + λu)2 (2.70)

where λl is the normalised uniform inflow velocity across the lower rotor disc and µz

Validation

To gain confidence in the coaxial rotor model, the model is compared against “rotor 1”

of Harrington’s coaxial experimental results [55]. Harrington’s rotor 1 is a two-bladed

untwisted rotor with a solidity of 0.054, a rotor radius of 3.81 m, and a separation

distance of 9.5% of the rotor diameter. The HGS rotor model was configured to match

Harrington’s coaxial arrangement and trimmed in the hover state for various thrust

coefficients. Figure 2.6 compares the thrust and torque coefficients of the coaxial model

to that of Harrington’s experimental results at a blade tip speed of 392 ft/s. Also

shown in the figure are the results produced by two rotors acting in isolation. These
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Figure 2.6: Comparison between the Coaxial Rotor Model and the ABC Hover Flight

Test Results from Ref [55]

two isolated rotors significantly over-predict the thrust and torque produced by the

rotor system. However, the results from the coaxial inflow model compare favourably

with the experimental results.

The coaxial rotor model was compared to performance data of a coaxial rotor in

forward flight that was obtained experimentally by Dingeldein [56]. The rotors used

in the experiment were identical to that of Harrington’s rotor 1 [55], and the power of

the rotor system was measured for various advance ratios. The coaxial rotor system

was trimmed for various flight speeds, with Figure 2.7 showing the comparison between

Dingeldein’s results [56] and the coaxial rotor model. Between advance ratios of 0.15

and 0.2, the coaxial rotor model under-predicts the power requirements of the coaxial

rotor. As the forward speed increases, the wakes of the two rotors begin to skew

back [57] and a portion of the upper rotor’s wake is not ingested into the lower rotor.

This effect is not modelled in the current coaxial rotor model and offers an explanation

for the discrepancies with the experimental results. However, the results from the

coaxial rotor model do follow the same form as Dingeldein’s experimental results [56]

and appear to come closer as forward speed increases. The coaxial rotor model appears

to compare well with experimental results, particularly at hover and high speeds. This

validation gives confidence to the worth of the coaxial rotor results, although a full

validation is not possible due to the lack of experimental data.
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Figure 2.7: Comparison between the Coaxial Rotor Model and NACA Forward Flight

Wind Tunnel Results from Ref [56]

The established coaxial rotor wind tunnel experiments by Harrington and Din-

geldein [55, 56] have provided some valuable information regarding the coaxial rotor

arrangement. The two experiments present the power of the coaxial rotor at various

operating conditions which have are been conveniently used as a set of validation data,

with the coaxial rotor model comparing favourably with the experiments, see Figures

2.6 and 2.7. The validation presented previously did not compare the control angles

calculated from the simulation model with experiments. The reason for this is that

Harrington and Dingeldein do not present the control angles in their respective exper-

iments [55, 56]. In fact, there is a shortage of wind tunnel experiments or flight tests,

which present the control angles of a coaxial rotor arrangement in a given flight regime.

To remedy this issue, the simulated control angles are compared with results from Kim

and Brown’s study of a coaxial rotor [53]. Kim and Brown present the control angles

to trim Dingeldein’s coaxial rotor experiment [56] in forward flight by using the VTM

model [53]. It is appreciated that this is not a classical validation process, where the

simulated results are compared with results from wind tunnel experiments or flight

tests, as Kim and Brown’s results are derived from a simulation model. However, Kim

and Brown’s modelling approach is of a higher degree of fidelity than that of the coaxial

rotor model used in this study as their simulation model takes into account complex

aerodynamic interactions such as blade vortex interactions. Due to the sophistication

of the VTM model coupled with the absence of suitable validation data, the coaxial
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Figure 2.8: Comparison between the Coaxial Rotor Model and Forward Flight VTM

Results from Ref [53]

rotor model used in this study is compared with the control angles calculated by Kim

and Brown [53], with Figure 2.8 showing the comparison of results. The comparison

between the two predicted mean values of coaxial rotor collective, θ̄0 is good, particu-

larly at higher advance ratios. The trend of the mean coaxial rotor collective is similar

to that of a conventional helicopter collective as it reduces after the hover since the

local dynamic pressure increases due to the increase of advance ratio. Recall, that the

airframe drag is represented in Dingeldein’s experiment by a flat plate with area 10

ft2 [56]. Of course, at high advance ratios the plate produces more drag resulting in

the increase of θ̄0 required after an advance ratio of 0.15. The flat plate also requires

negative longitudinal cyclic inputs, θ1s, so that a component of the coaxial rotor thrust

balances the drag from the flat plate. The comparison of the required longitudinal cyclic

results at each advance ratio is fairly good. The only discrepancy appears to be the

comparison of the yaw control, θdiff. This is likely due to the rudimentary nature of the

current coaxial rotor inflow model and its inability to accurately model aerodynamic
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environments across the upper and lower rotor discs.

2.6 Propeller Model

Overview of the Propeller Model

Blade element theory is used to model the propeller. Therefore in this sense, the

helicopter rotor and propellers model are similar. Although, in the case of the propeller,

the task is simplified as a propeller does not have flapping degrees of freedom. Ideally

the propeller would be similar to that of the main rotor for the purposes of consistency.

However, in the derivation of the main rotor expressions various assumptions are made

in order to cast the equations in closed loop form. One of these assumptions is that

the order of magnitude of the tangential velocity of a blade element is much greater

than that of the in-plane velocity of a blade element. In the case of the propeller

this assumption does not hold true as the normal velocity of a blade element will be

composed of the forward speed of the aircraft. Hence, it is difficult to analytically

integrate the loads across the propeller blade and maintain an appropriate level of

validity. Consequently, the elemental forces and moments are integrated numerically.

This is one of the distinguishing features between the propeller and main rotor model.

The development of this blade element propeller model requires certain assump-

tions. These assumptions are listed as follows:

� The blades are assumed rigid

� There are no flapping or lagging degrees of freedom

� There are no interference effects between blades

� The induced velocity is composed of a uniform component across the propeller

disc

� Aerodynamic forces of each blade element are assumed to dominate the overall

forces and therefore inertial forces have been excluded from the model

� Spanwise flow ignored
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Propeller Kinematics

Velocity of the Propeller Hub

To determine the kinematics of a propeller blade element, it is necessary to find the ve-

locity of the propeller hub. The propeller hub (p.h.), as seen in Figure 2.9, is positioned

at a distance lprop behind the fuselage reference point, a height hprop above it and a

distance of wprop to the right of the reference point. Also shown in Figure 2.9 is a new

axes set, denoted by the subscript p.h., which is named the propeller disc axes with its

origin at the propeller hub. To make the propeller model as generic as possible, the

propeller disc axes can be tilted in the aircraft longitudinal frame relative to the body

axes by an appropriate selection of τ , Figure 2.9. A positive value of τ corresponds to a

positive rotation around jb, with τ = 270° in Figure 2.9. This allows the propeller hub

to be placed at any position and orientation on the airframe. Therefore, the position

vector, in body axes, of the propeller hub with respect to the centre of gravity is

Figure 2.9: The Body Axes and the Propeller Hub Axes
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rc.g.→p.h. = −(lprop + xc.g.)ib + wpropjb − hpropkb (2.71)

Moreover, the velocity of the propeller hub, in body axes, is given by the following

standard expression

vbody
p.h. = vbody

c.g. + (ωbody × rbody
c.g.→p.h.) +

drbody
c.g.→p.h.

dt
(2.72)

The velocity can also be expressed in propeller disc axes. The transformation

between the body and propeller disc axes sets, referring to Figure 2.9, is

Tbody→p.d. =

cos τ 0 − sin τ
0 1 0

sin τ 0 cos τ

 (2.73)

Applying the transformation matrix in Equation (2.73), the propeller hub velocity, in

propeller disc axes, is

vp.d.
p.h = Tbody→p.d.vbody

p.h. (2.74)

Or more conveniently written as

vp.d.
p.h. = up.d.ip.d. + vp.d.jp.d. + wp.d.kp.d. (2.75)

Similarly, applying the transformation in Equation (2.73), the rotational velocity of the

propeller disc axes set is

ωp.d = Tbody→p.d.ωbody (2.76)

Which can be expressed as

ωp.d = ωp.d.
x ip.d. + ωp.d.

y jp.d. + ωp.d.
z kp.d (2.77)
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Figure 2.10: The Propeller Hub and Blade Element Axes Sets when the Propeller is

Rotating Clockwise when viewed from behind

Velocity of a Blade Element

To determine the velocities of a given blade element, which is rotating with respect

to the propeller hub, it is necessary to introduce another axes set. Therefore the

propeller blade element axes are introduced, denoted by p.bl., shown in Figure 2.10.

Furthermore, Figure 2.11 shows the orientation of the blade axes set relative to the

local aerofoil section. This axes set is positioned on the quarter chord position of

the aerofoil, with the ip.bl. position vector superimposed on the quarter chord position

and in the direction of root to tip. The jp.bl. position vector points from the leading

edge to the trailing edge of each section whilst kp.bl. points directly downwards. The

transformation matrix from propeller disc to propeller blade axes is therefore

Tp.d.→p.bl. =

− cosψ sinψ 0
− sinψ − cosψ 0

0 0 1

 (2.78)

The propeller hub velocity in propeller blade element axes is obtained by applying the

transformation matrix in Equation (2.78) to Equation (2.75), leading to the following

vp.bl.
p.h. = Tp.d.→p.bl.vp.d.

p.h. (2.79)
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Figure 2.11: The Blade Axes Set

The angular velocity of the propeller blade element axes is determined in a similar

manner but with the inclusion of the nclockΩkp.bl. term, which accounts for both the

direction and rotational velocity of the shaft. The direction in which the propeller

blades rotate is given by nclock, with nclock = 1 if the propeller rotates clockwise when

viewed from behind the helicopter. Conversely nclock = −1 if the propeller is chosen to

rotate in the opposite direction. Therefore, the angular velocity of the propeller blade

element axes set is

ωp.bl. = Tp.d.→p.bl.ωp.d. +

 0
0

nclockΩ

 (2.80)

The next task is to obtain an expression of the velocity of a propeller blade element

so that the aerodynamics forces can be determined. The velocity of a quarter chord

point of a propeller blade element, which is denoted by p, in propeller blade axes is

given by the standard equation

vp.bl.
p = vp.bl.

p.h. + (ωp.bl. × rp.bl.
p.h.→p) +

drp.bl.
p.h.→p

dt
(2.81)

where, rp.bl.
p.h.→p is the position vector of the propeller hub to the quarter chord point of

the given propeller blade element. This position vector is given by

rp.bl.
p.h.→p = riip.bl. (2.82)

The distance ri varies according to blade element’s position relative to the propeller

hub, where the subscript i denotes the section number with 1 being closest to the root.
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Hence, the velocity of the point p in propeller blade element axes can be determined

by using Equations (2.79), (2.80) and (2.82). The velocity term is split into its three

components of

vp.bl.
p = vp.bl.

x ip.bl. + vp.bl.
y jp.bl. + vp.bl.

z kp.bl. (2.83)

Propeller Forces and Moments

Propeller Forces

The aerodynamic forces of a propeller blade element are dependent on both the local

velocity and angle of attack, which can be calculated using Equation (2.83). Figure 2.12

shows the aerodynamic forces and their relation to the propeller blade element axes for

a clockwise rotating propeller when viewed from behind. The tangential and normal

velocities of the propeller blade element are the components of Equation (2.83) with

the inclusion of the induced velocity in the kp.bl. direction

vtan = nclockv
p.bl.
y (2.84)

vn = vp.bl.
z − vi (2.85)

Again, referring to Figure 2.12, the freestream velocity is given by

vres
2 = vn

2 + vtan
2 (2.86)

and it also clear that the relationship between the local velocities and φ is

φ = tan−1

(
vn

vtan

)
(2.87)

The relationships between the inflow angle, propeller pitch and local angle attack are

shown in Figure 2.12. Generally, propellers have significant spanwise twist so that each

propeller blade element operates at an efficient angle of attack [58]. The propeller twist

distribution can be nonlinear or linear depending on the design choice. For simplicity,

the following analysis assumes that the twist distribution is linear, although this doesn’t
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Figure 2.12: Angle of Attack of a Propeller Blade Element

necessarily have to be the case. The local propeller blade angle of attack is determined

by propeller pitch angle, controlled by the pilot, the twist distribution and the local

inflow angle

α = θprop + tan−1

(
vn

vtan

)
+ θtwist

(
ri

Rprop

)
(2.88)

where Rprop is the radius of the propeller blade. The transformation between the

aerodynamic forces and propeller blade element axes is

[
jp.bl.

kp.bl.

]
=

[
cosφ − sinφ
− sinφ − cosφ

] [
d̄
l̄

]
(2.89)

In terms of the aerodynamics forces, the lift and drag, per unit span, of each

propeller blade element take the familiar form of

d̄ =
1

2
ρv2

resciCd(α,M) (2.90)

l̄ =
1

2
ρv2

resciCl(α,M) (2.91)

(2.92)
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Of course, the coefficients of lift and drag are still required to calculate the blade element

forces. These coefficients are found with experimental aerofoil data which generally are

calculated through a series of “look up tables” that are a function of the local angle

of attack and Mach number. The local aerodynamic forces are then transformed into

the propeller blade element axes, resulting in the following expression representing the

force of each propeller blade element

fp.bl.
p = nclock(d̄ cosφ− l̄ sinφ)jp.bl.

+ (−d̄ sinφ− l̄ cosφ)kp.bl. (2.93)

Or more conveniently expressed as

fp.bl.
p = fp.bl.

x ip.bl. + fp.bl.
y ip.bl. + fp.bl.

z kp.bl. (2.94)

In order to calculate the total force that a propeller blade requires the integration

of Equation (2.93). The complex nature of the propeller forces is not amenable to

analytical integration, therefore a numerical integration is used. Hence, the force across

a propeller blade is described by

Fp.bl.
prop =

Rprop∫
Rcut

fp.bl.
p dr (2.95)

where Rcut is the length of the propeller root cut out. The above equation, Equa-

tion (2.95), is limited as it expresses the force that a propeller blade produces at a

discrete azimuth position. As the propeller rotates around the propeller hub, both the

local velocities and aerodynamic forces vary azimuthally. In order to account for this,

the aerodynamic forces that a propeller blade creates is calculated at various azimuth

positions. Subsequently, the aerodynamic forces around the azimuth are averaged and

then multiplied by the number of propeller blades to yield the total propeller force.

Therefore the total force given by the propeller is stated as

Fp.bl.
prop =

Nb

2π

2π∫
0

Rprop∫
Rcut

fp.bl.
p drdψ (2.96)
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This Equation is readily solved with the use of a numerical integration technique. The

propeller forces are required to be in body axes so the model can be applied to the

Euler rigid body equations. Hence, the total force of the propeller in body axes is given

by

Fbody
prop =

Nb

2π

2π∫
0

Rprop∫
Rcut

(Tbody→p.d.)T (Tp.d.→p.bl.)T fp.bl.
p δrδψ (2.97)

Typically, 20 blade elements and 16 azimuth positions are used when numerically inte-

grating the loads.

Propeller Moments

With the propeller forces derived, the next step is to calculate the external moments the

propeller creates around the helicopter’s centre of gravity. The total moment vector is

a combination of the moments around the propeller hub and the propeller forces acting

about the helicopter’s centre of gravity. Therefore, the total external moment vector is

given by the following

Mbody
prop = Mbody

p.h. + (rbody
c.g.→p.h. × Fbody

prop ) (2.98)

The external moment around the propeller’s hub, in body axes, can be derived by

returning to Equation (2.94), which gives the blade element forces in propeller blade

element axes. As the blade elements are not coincident with the propeller hub they

produce moments around it, which transmit through to the helicopter’s centre of grav-

ity. The moment a blade element produces around the propeller hub in propeller blade

element axes is simply

mp.bl.
p = rp.bl.

p.h.→p × fp.bl.
p (2.99)

In the same manner as the forces, the total moment is obtained by integrating

across the blade and around the azimuth. Therefore, the total moment is

Mp.bl.
p.h. =

Nb

2π

2π∫
0

Rprop∫
Rcut

(rp.bl.
p.h.→p × fp.bl.

p )drdψ (2.100)
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Therefore, the total moments around the propeller hub can be expressed in body axes

using Equations (2.5) and (2.73), yielding

Mbody
p.h. =

Nb

2π

2π∫
0

Rprop∫
Rcut

(Tbody→p.d.)T (Tp.d.→p.bl.)T (rp.bl.
p.h.→p × fp.bl.

p )δrδψ (2.101)

Hence, the contribution of the propeller hub to the pitching, rolling and yawing mo-

ments are obtained by Equation (2.101). The propeller torque can be easily extracted

from Equation (2.101).

Validation of the Propeller Model

To test the validity of the model, the propeller model is configured to represent “Pro-

peller 5868-9” and compared to Hartman and Biermann’s established wind tunnel re-

sults [59]. Hartman and Biermann provide the details of “Propeller 5868-9”, however

the salient information of this type of the propeller is given for the purposes of conve-

nience. The diameter of this propeller is 10 ft, featuring a high level of blade twist. In

addition, the propeller features Clark Y aerofoils with the chord distribution varying in

a nonlinear manner. The wind tunnel results, presented in Figure 2.13, were obtained at

different propeller rotational speeds ranging from 800 - 1200 rpm [59]. These different

rotational speeds were modelled in the simulation results. Figure 2.13(a) compares the

thrust coefficients with the propeller advance ratio J , for various operating conditions.

These various conditions correspond to different advance ratios with different propeller

twist settings which are denoted by β. The comparison between the thrust coefficients

and advance ratios is very good, particularly at low advance ratios, highlighting the

effectiveness of the propeller model. In addition, Figure 2.13(b) compares the power

coefficients with the different advance ratios between the propeller model and the wind

tunnel results. Again, the results are encouraging with the propeller model providing a

good approximation to the amount of power required at the given operating condition.

As a whole, the agreement between the propeller model and the wind tunnel results is

very good for multiple operating conditions. Therefore it is reasonable to assume that

the propeller model is capable of providing results of sufficient validity that meaningful

conclusions can be drawn.
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(a) CT v J

(b) CP v J

Figure 2.13: Comparison of the Propeller Model and Wind Tunnel Results from Hartman

and Biermann [59]
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2.7 Wing Model

Overview of the Wing Model

Strip-theory, as described by Sequiera et.al [60] and Dreier [61], is an approach to

model an aircraft’s wing, whereby the wing planform is split into strips and the forces

and moments of each strip are computed. The local forces and moments are then

integrated in order to determine the total force and moment around the helicopter’s

centre of gravity position. Strip-theory is a well-established modelling method with

some known features. Some of the assumptions made in the wing model are

� It is assumed that each strip does not influence another strip.

� Aerodynamic interactions between the fuselage and wing root are not considered.

� Spanwise flow is not modelled.

� The wing assumed to be rigid.

Fundamentally, strip-theory assumes that the aerodynamics forces acting at each strip

of the wing are the same as if the portion of the wing were part of an infinite two-

dimensional wing [62]. The basic strip-theory modelling approach does not faithfully

model 3-D effects, such as the tip vortex which forms due to the pressure difference

between the upper and lower surfaces at the wing tip. One consequence of this vortex,

on a finite wing, is that the spanwise lift distribution tends to zero at the wing tip.

Essentially, there is a reduction of circulation towards the wing tip due to the effect of

the vortex. The other effect of the pressure difference at the wing tip is the formation

of a trailing edge vortex system which creates additional drag. The standard form of

strip-theory does not model this induced drag component, although the wing model

presented in the following does include a term to predict the induced drag.

Before, proceeding to discuss the development of the wing model, it is worth noting

that no validation results of the wing model are presented in this section. Since strip-

theory is a well-established method, which is used by various researchers, then it is fair

to postulate that the model will produce reasonable results. The wing model results

were not validated as such but the results from the model where verified by testing

the model experimentally. For example, at high speeds and at a moderate angle of

attack the wing’s lift to drag ratio seemed reasonable. From that condition the angle

of attack was increased to an excessive amount, approximately 16°, to model wing
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stalling. As one would expect, the wing model predicted a reduction in wing lift and a

significant increase of wing drag due to wing stalling. Therefore it was concluded that

wing model was shown to model the fundamental behaviour of a wing. Further testing

and validation of the wing model was not considered as it was decided that the model

was of sufficient fidelity to capture the broad behaviour of a wing.

Kinematics of a Wing Strip

To derive the forces and moments of a given wing strip, it is necessary to calculate

the local velocity at each strip. The model assumes a simple 2-D representation of the

airflow and that the aerodynamic forces, lift and drag, act at the quarter chord of each

strip. With reference to Figure 2.14, the position of the quarter chord position of a

given wing strip relative to the centre of gravity is

rbody
c.g.→w = (lw + xc.g. − (ww + yi) tan ε) ib (2.102)

+ (ww + yi) jb (2.103)

+ (−hw + (ww + yi) tan η) kb (2.104)

where, lw is the length from the reference point to where the quarter chord position

would meet the centreline of the fuselage. The width between the fuselage centreline

and where the wing meets the fuselage is denoted by ww. The term yi is the distance,

in the jb direction, from the position of where the wing meets the fuselage to the

mid-point of each wing blade element. The angle η is the anhedral angle of the wing.

Equation (2.104) can be expressed in the more compact form of

rbody
c.g.→w = rbody

x ib + rbody
y jb + rbody

z kb (2.105)

In terms of velocity, the general expression for the absolute velocity of a point

relative to a rotating axes set, the velocity of a given wing strip, in body axes is

vbody
w = vbody

c.g. + (ωbody × rbody
c.g.→w) +

drbody
c.g.→w

dt
(2.106)

In its complete form, the velocity of a given wing strip in body axes is
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Figure 2.14: Two Views Showing the Position of the Wing with Respect to the Centre

of Gravity Position

vbody
w =

(
U +Qrbody

z −Rrbody
y

)
ib (2.107)

+
(
V +Rrbody

y − Prbody
z

)
jb (2.108)

+
(
W + Prbody

y −Qrbody
x − kv0

)
kb (2.109)

In the hover, the rotor wake induces an aerodynamic download to the wing, thereby
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reducing low speed performance [63, 64]. This was observed in the development of the

tilt-rotor aircraft with the aerodynamic download being as high as 15% of the total

rotor thrust [24]. However, it was demonstrated that this value could be reduced with

the addition of flaps to the wing, which when deployed reduce the wing’s wetted area in

low speed flight [65]. To model this download, Equation (2.109) includes the kv0 term

to represent the contribution of the main rotor’s wake to the local velocity of each wing

strip. The term, v0 represents the mean induced velocity of the main rotor disc whereas

k is an empirical factor. In this work, k is assumed to be a constant value of 1.5 to match

the 10% hover download which was measured by Felker and Light in the experimental

testing of the wing download of the V-22 [24]. Although k is assumed to be constant

it is acknowledged that in reality it is likely to vary with flight speed as the rotor wake

skews backwards with increasing forward speed. To date, there is a limited amount of

data which documents the influence of the main rotor on a wing in forward flight. There

is information in the literature regarding the interactions between the tilt-rotor and its

wing [24, 63, 65, 66]. However, the local aerodynamic environment, in forward flight,

across a tilt-rotor’s wing will be different to that of a compound helicopter’s wing. This

is mainly due to the position of the rotor hub relative to the wing. With a tilt-rotor

aircraft, the rotor hub is tilted forward in high speed flight, effectively converting the

tilt-rotor to a fixed wing aircraft. In contrast, with perceived compound helicopter

designs the rotor hub position will be fixed so that the oncoming flow to the rotor is in

an edgewise direction. Therefore, due to the absence of any established wind tunnel or

flight tests results, the current wing model assumes that the product of the empirical

factor, k and the uniform induced component of the main rotor’s wake affects the wing.

Additionally, there is a lateral component of the rotor wake which consequently results

in the port wing, for a main rotor rotating anti-clockwise when viewed from above,

creating more lift than the starboard wing [9]. This was one conclusion drawn from

the NH-3A flight test programme, however it was noted that the differential wing lift

did not affect the control characteristics of the aircraft [67] and therefore has not been

included within this wing model.

The velocity components of a point on the wing have been determined, however

another axes system is introduced to take into account the anhedral angle’s effect on

the local velocities. The introduction of this axes set allows the wing model to be

used as a tailplane or fin model, if required, which can be achieved by the appropriate

selection of the anhedral angle η and determination of the position vector relative to

the body axes set. The transformation between body and anhedral axes is
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Tbody→anh =

1 0 0
0 cos η sin η
0 − sin η cos η

 (2.110)

Hence, the local velocities at point w on the wing, in anhedral axes, is

vanh
w = Tbody→anhvbody

w (2.111)

or simply written as

vanh
w = uanhianh + vanhjanh + wanhkanh (2.112)

Wing Forces and Moments

Figure 2.15 shows the aerodynamic forces, with the lift force acting perpendicular to

the direction of the airflow whereas the drag force acts in the same direction as the

airflow. The lift and drag forces, per unit span, as well as the pitching moment of the

given strip are mathematically stated as

l̄ =
1

2
ρvres

2c(y)Cl(α,M) (2.113)

d̄ =
1

2
ρvres

2c(y)Cd(α,M) (2.114)

m̄ =
1

2
ρvres

2c(y)2Cm(α,M) (2.115)

where the wing chord varies along the span and vres is the magnitude of velocity vector

shown in Equation (2.112). To model the induced drag of the wing an additional term,

denoted by CDi , is added to Equation 2.114. This term is only added to the wing strip

closest to the wing tip and approximates the drag of the wing due to the formation of

the tip vortex. This induced drag component is given by

CDi =
C̄2
L

πε′AR
(2.116)

where C̄L is the mean lift coefficient of the entire wing, ε′ is the Oswald efficiency factor

and AR is the aspect ratio of the wing. In order to determine the lift and profile drag
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coefficients of each wing strip, the local angle of attack is required. From Figure 2.15,

the local angle of attack is the addition of the fixed pitch incidence, θfix, and the angle,

φ, as well as accounting for spanwise twist. The twist distribution across the wing span

is a function of yi and can vary in a linear or nonlinear manner. Hence, the local angle

of attack is

α = θfix + φ+ θtwist (y) (2.117)

where

φ = tan−1

(
wanh

uanh

)
(2.118)

Clearly, the aerodynamic forces of each wing strip are strongly influenced by the

the aerodynamic coefficients. The aerodynamic coefficients of lift, drag and pitching

moment are a function of the local angle of attack, given by Equation (2.117), as well

as the physical properties of the aerofoil section. For the purposes of modelling, the

aerodynamic coefficients can be obtained through a series of “look up tables” which

are derived through the experimental testing of the particular aerofoil section. For a

wing operating in the hover, the angle of attack of each wing strip will be close to

Figure 2.15: Lift, Drag and Angle of Attack Definition for a Wing Strip
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−90o (assuming there is no fixed pitch incidence relative to the fuselage). Hence, in

the hover and at low speeds, the wing will create negative lift acting in the opposite

direction of the rotor thrust and thus providing an aerodynamic download. As forward

speed increases, the angle of attack will also increase and reach a flight regime whereby

the wing is operating at more aerodynamically efficient angle of attack, consequently

producing a lifting force. To model the download of the wing in the hover and at

low speeds it would seem appropriate to use aerofoil sections which aerodynamic data

exists at high angles of attack. For this reason the NACA 0012 aerofoil is used due the

availability of aerodynamic coefficients at high angle of attack [68].

The previous discussion derived the aerodynamics forces at each wing strip. How-

ever, these expressions for the lift and drag forces are in wind axes and therefore are

required to be transformed into body axes. The orientation of the wind and body axes

are shown in Figure 2.15, with the transformation between the two axes set being

[
ianh

kanh

]
=

[
sinφ − cosφ
− cosφ − sinφ

] [
l̄
d̄

]
(2.119)

Therefore, using Equations (2.113), (2.114), (2.119) the force, per unit span, acting at

each wing strip is

fanh
w =

(
1

2
ρvres

2Clc(y) sinφ− 1

2
ρvres

2Cdc(y) cosφ

)
ianh (2.120)

+

(
−1

2
ρvres

2Clc(y) cosφ− 1

2
ρvres

2Cdc(y) sinφ

)
kanh (2.121)

which can be expressed in the more compact form of

fanh
w = xanhianh + yanhjanh + zanhkanh (2.122)

Subsequently, the total force the starboard wing produces is obtained by integrating

the local wing strip element forces across the wing span

Fbody
wing =

b
2∫

ww

(
Tbody→anh

)T
fbody
w dy (2.123)

which is then numerically integrated to calculate the wing’s contribution to the overall

body forces.
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Wing Moments

The wing moment of a given wing strip, in anhedral axes, is given by the following

manh
w =

(
ranh

c.g.→w × fanh
w

)
(2.124)

plus the addition of the wing’s own contribution to the overall aircraft pitching moment.

Hence the wing strip moment in body axes is

mbody
w =

(
Tbody→anh

)T
manh

w (2.125)

The entire wing’s contribution to the rolling, pitching and yawing moments of the

body axes are readily obtained by the integration of Equation (2.125), therefore the

aerodynamic moments acting on one wing in body axes are

Mbody
wing =

b
2∫

ww

mbody
w dy (2.126)

2.8 Discussion of Model Validity

The preceding sections have described the development of various models which could

potentially feature on a compound helicopter design. However, one question that nat-

urally arises with the development of these mathematical models is their validity and

if the results from these rotorcraft models would replicate the real aircraft. In terms of

the conventional helicopter, inverse simulation results have shown good correlation for

a range of manoeuvres [42] giving confidence in the value of the results produced by the

HGS model. The limitations of this type of model are well understood [36] and include

the inability to accurately capture off-axis effects and low fidelity at the edges of the

flight envelope where, for example, aerodynamics are highly nonlinear. In relation to

the compound helicopter models, it is appreciated that a strict validation based on the

comparison of flight test with simulation results is not possible as these are hypothetical

vehicles. Hence, due to the absence of available flight test data, the modelling approach

in this study is to take an established conventional helicopter model and assume that
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the addition of validated propeller, wing and coaxial rotor models will produce realistic

results.

One important limitation of the rotor model is its inability to model nonlinear aero-

dynamics. At very high speeds it is important to model nonlinear aerodynamics [28],

such as reverse flow, as a large portion of the local airflow across the retreating side

of the disc will travel from the trailing to the leading edge of the rotor blades. The

current rotorcraft model does not model this nonlinear aerodynamic phenomenon and

it is reasonable to expect that this limitation could produce unrealistic results at very

high flight speeds. Hence, the flight mechanics analysis in this Thesis is restricted to

speeds under 200kt, where the modelling assumptions within the main rotor are still

considered valid. Although compressibility effects are not modelled, the issue is attenu-

ated by reducing the rotorspeeds of the main rotor systems of the compound helicopter

configurations, above 130kt. This reduction of rotorspeed is required as the local Mach

number of the advancing blade tip would approach unity, if uncorrected, leading to the

formation of shock waves, thereby resulting in a significant increase of drag [69]. There-

fore the current work does not assess the flight mechanics of the compound helicopters

at the edge of their perceived flight envelopes. Although the compound helicopter is

capable of reaching speeds in the region of 250kt, it is still important to understand

and quantify the flight dynamics of this aircraft class within the selected speed range

where the aircraft will still spend a significant amount of time operating.

Although high speed helicopter designs are being taken seriously, Harris points

out there still remains a challenge in successfully modelling the main rotor above an

advance ratio of 0.62 [70]. Harris highlights that this is due to a lack of accuracy in

the aerodynamic forces in the reverse flow region and the influence of blade torsional

deflections [70]. In addition, Hodara and Smith illustrated that at high advance ratios

spanwise flow (or “crossflow”) across a rotor blade element becomes important [71].

Their study showed that this must be taken into account in the prediction of the local

aerodynamic coefficients. This approach improved the aerodynamic predictions of the

main rotor but it is clear that successfully modelling helicopters at high advance ratios

still presents a formidable challenge. For these reasons and to expect reasonable results,

the maximum speed of the compound helicopter configurations is restricted to 200kt,

corresponding to an advance ratio of 0.6 for the CCH configuration.

The approach taken with this study is to use the HGS package, with the limita-

tions discussed previously, to assess the flight mechanics of the compound helicopter

configurations. In terms of the sophistication of the main rotor modelling, Padfield
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conveniently splits the level of fidelity into three categories: level 1, level 2 and level

3 [36]. Level 1 represents a low fidelity approach to the main rotor modelling whereas

level 3 describes high level rotor modelling [36]. There are comprehensive rotorcraft

codes which have been developed which fall into Padfield’s level 3 category [36], ex-

amples of which are the CAMRAD II [72] and NASA/US Army GENHEL codes [73],

that use high level simulation techniques. These high fidelity rotorcraft simulations

are predominately used in studies which focus on rotor design, vibration and the main

rotor’s stability [36]. In contrast, lower fidelity modelling techniques have found use in

flight mechanics and flying qualities research [36]. Commonly, in terms of rotorcraft

performance simple methods have been used, with Stepniewski and Keys, Cooke, Fitz-

patrick, Prouty and Leishman all providing analytical methods to quantify helicopter

performance in their standard helicopter textbooks [1, 7, 74, 75]. These methods in-

clude momentum and blade element theories which can provide some good predictions

of rotorcraft performance. The modelling in this study is not as basic as many of the

methods described in these textbooks but neither is it as detailed as the modelling fea-

tured in some comprehensive rotorcraft codes. Hence, the modelling used in this work

can perhaps be described as a reasonable compromise between these two extremes given

the aims of the work. Comprehensive codes have been used in compound helicopter

design studies [27, 28] where the aircraft was designed to operate at a speed in the

region of 240kt. It is clear that high level modelling is required in this flight regime

where accurate modelling of yawed flow, reverse flow and compressibility effects become

critical [76]. However, with the assumption that 200kt is the compound helicopter’s

boundary, it is fair to expect realistic results from the level of modelling used within

this study.

2.9 Chapter Summary

The primary aim of this Chapter was to enhance the HGS package so that compound

helicopter configurations could be successfully modelled. Perceived compound heli-

copter designs are likely to feature wings, propellers and potentially a coaxial rotor.

The established HGS package was capable of modelling conventional helicopters but

it was evident that further models were required to simulate compound helicopters.

Hence, the HGS package was enhanced by the addition of coaxial rotor, propeller and

wing models. Each of these components can be placed on the airframe at a given

position and orientation. Therefore the existing HGS package coupled with the newly
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developed coaxial rotor, propeller and wind model is capable of modelling a wide variety

of rotorcraft configurations. The main conclusions from this Chapter are as follows:

� The single main rotor model has been amended to successfully simulate a coaxial

rotor arrangement. Although there are some fundamental assumptions regarding

the aerodynamic interactions between the upper and lower rotors, the coaxial

rotor model has compared favourably with established wind tunnel results.

� Additionally, a blade element based propeller model has been developed to sim-

ulate the addition of thrust compounding to the helicopter design. The propeller

model has been validated with established wind tunnel results giving confidence

to the worth of the propeller model’s results.

� As potential compound helicopter designs may feature a wing to reduce rotor

loading at high speeds a strip-theory wing model has been developed.

� The Chapter finished by discussing the limitations of the modelling approach and

the flight conditions where accurate results can be expected. It was highlighted

due to the limitations of the modelling, particularly within the main rotor model,

that unrealistic results could be expected at very high speeds. Therefore, the com-

pound helicopter configurations are not assessed at the edge of their perceived

flight envelopes but within the speed range of hover to 200kt, where the assump-

tions made in the rotor model are still considered valid. Although the compound

helicopter is capable of reaching speeds in the region of 250kt, it is still important

to understand and quantify the flight mechanics of this aircraft class within the

selected speed range where the aircraft will still spend a significant amount of

time operating.
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Chapter 3

Compound Helicopter

Configurations

3.1 Introduction

The previous chapter, Chapter 2, detailed the development of a simulation package

to model advanced rotorcraft configurations. This package is capable of simulating a

wide variety of vehicles which feature compounding. Naturally, the next step is to use

this simulation package to model compound helicopter configurations. To this end,

the aims of this Chapter are two-fold. The first aim is to select compound helicopter

configurations and choose the design parameters of the vehicle. With the compound

helicopter configurations developed, the next aim is to trim the flight model. The task

of trimming the model is basically to calculate the control angles which hold the given

aircraft configuration in steady level flight. As a result, it is generally the starting point

of any meaningful analysis of an aircraft mathematical model. Once a flight model is

trimmed then the vehicle’s performance, stability and manoeuvrability can be assessed.

As discussed in Chapter 1, various compound helicopter prototypes have been

flown. Each of these configurations have different layouts and there seems to be no

general consensus on where the thrust and lift compounding device should be located

on the compound helicopter’s airframe. For example, the pusher propeller of the Lock-

heed Cheyenne was located at the rear of the aircraft next to the tail rotor, Figure 1.1(f).

In contrast, the two propellers of the Eurocopter X3, which is shown in Figure 1.2, are

located on either side of the aircraft’s fuselage. Another issue is the types of compound-

ing that are used on the aircraft. The ABC helicopter, Figure 1.1(h), only featured

thrust compounding whereas the Lockheed Cheyenne featured both thrust and lift
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compounding. Another example is the S-67 compound helicopter which only featured

lift compounding [13]. Clearly, there are several potential configuration options, all

of which have advantages and disadvantages, which could be used in the design of a

compound helicopter [29].

As there are a number of the potential compound configurations, it is necessary

to decide on which aircraft layouts to focus on, within this study. Recall that the pri-

mary aim of this Thesis is to determine how the addition of compounding influences

the flight dynamics characteristics of the compound helicopter. Since the work is not

a design exercise, it seems appropriate to focus on a small number of compound he-

licopter configurations, in this case two, so that their flight dynamics attributes can

be comprehensively assessed. The only remaining question is the types of compound

helicopter design which should be assessed. This decision is made by examining the

compound helicopter designs which are being taken seriously by the major helicopter

manufacturers at the time of writing this Thesis. With this qualifying criterion, the

aircraft configurations which seem appropriate are the Sikorsky X2 and the Eurocopter

X3, as both prototype vehicles have been recently flying. The results from the flight

tests of these two vehicles were promising. In particular, the results of the Sikorsky X2

programme were so successful that Sikorsky are taken this concept to the next level

by developing the Sikorsky S-97 Raider. The Sikorsky S-97 Raider is envisioned to be

a multi-role aircraft which can complete various military missions including close-air

support and armed reconnaissance. Sikorsky plan to flight test the Sikorsky S-97 in

2015.

It is interesting to note the different approaches taken by Sikorsky and Eurocopter

(now Airbus Helicopters) in their attempts to develop a successful compound helicopter.

Sikorsky have flight tested the Sikorsky X2, which is largely based on the XH-59A

aircraft, which was initially developed in the 1960’s. Both of these aircraft use the ABC

coaxial rotor design. The fundamental idea behind this concept is that the lift potential

on the advancing sides of the rotor discs are realised in high speed flight [18]. In high

speed flight, the two rotors provide significant rolling moments around the rotor hub as

the advancing sides of the discs produce much greater lift than the opposing retreating

sides. However, the overall hub rolling moment trim is achieved as the upper and lower

rotors provide rolling moments equal in magnitude but in opposing directions. This

was achieved on the XH-59A aircraft by two methods. Firstly, by variable phase angle

control which alters the azimuth position where the cyclic controls change the rotor

blade pitch [18]. Secondly, by the introduction of a differential lateral cyclic control to

promote greater loading across the advancing sides of the discs in high speed flight [18].
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Although the ABC rotor system used on the XH-59A allowed the aircraft to reach high

speed flight, one of the drawbacks was the high vibration levels [77]. Additionally, there

were also problems with reducing the coaxial rotor’s rotational speed to the necessary

levels in high speed flight as well as the disappointing aerodynamic efficiency of the

coaxial rotor [78]. These problems ended the ABC test programme, however recently

the ABC design has been resurrected. Sikorsky believe that the experience gained in

the previous test programmes of the ABC rotor, added with modern rotor technology

through the use of advanced aerofoil sections and active vibration control [33, 34],

will result in a compound helicopter design that can potentially satisfy the emerging

requirements placed on the next generation of rotorcraft.

In contrast, the wings of the Eurocopter (now Airbus Helicopters) X3 offload the

rotor at high speeds and the propellers provide the propulsive force to overcome the

airframe drag. The two propellers, which are mounted on either side of the aircraft’s

fuselage, provide the yaw control of the vehicle so that a tail rotor is not required. In

high speed flight, the anti-torque responsibilities are shifted to the fin at the rear of

the aircraft which is capable of producing a significant sideforce due to the velocity of

the local airflow. This aircraft design has been flight tested with recent publications

reporting that the Eurocopter X3 is able to reach a maximum speed of 232kt. It

is therefore evident that these helicopters are capable of greater speeds than their

conventional counterparts.

With the decision made that the compound helicopter configurations will be sim-

ilar to the Sikorsky X2 and Eurocopter X3, the next challenge is to determine the

configuration data of the two compound helicopter configurations. Unfortunately, the

configurational data of the Sikorsky X2 and Eurocopter X3 are not openly available.

Therefore, the strategy for this work is to use an established mathematical model of

a conventional helicopter (in this case the AgustaWestland Lynx), then convert this

configuration to represent compound helicopter configurations, which are similar to

the Sikorsky X2 and Eurocopter X3. The Lynx was chosen as a well established data

set [36] and model was available [39]. Another reason for the choice of the Lynx is

that it features a semi-rigid rotor which is likely to be used in a compound helicopter

design [26]. The primary advantage of the semi-rigid rotor is its ability to generate

powerful moments independent of the amount of rotor thrust. This feature is partic-

ularly suited to a winged compound helicopter design as the wing offloads the main

rotor in high speed flight. Therefore, the application of a rigid rotor would allow the

aircraft to be controlled, by the main rotor, despite the low levels of rotor loading

expected in high speed flight [19]. The first compound configuration is referred to as
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(a) Coaxial Compound Helicopter Sketch (b) Hybrid Compound Helicopter Sketch

Figure 3.1: Sketches of the two Compound Helicopter Configurations

the Coaxial Compound Helicopter (CCH) configuration which features a coaxial rotor

and a pusher propeller as seen in Figure 3.1(a). The second configuration is known as

the Hybrid Compound Helicopter (HCH) configuration which features a wing and two

propellers, as seen in Figure 3.1(b). These two compound configurations are changed

as little as possible, relative to the baseline configuration, to allow for a fair and direct

comparison between the results of the compound configurations and the baseline (BL)

configuration. The end result is three aircraft configurations with identical fuselage

aerodynamics, mass and moments of inertia values. Therefore, unless explicitly stated,

the design features of the compound helicopter configurations are identical to that of

the conventional Lynx helicopter. The result is two rather unusual looking vehicles,

Figures 3.1(a) and 3.1(b). It is important to reinforce that this Thesis is not a design

exercise where the weights, vehicle shape, moments of inertia, powerplant are all sized

to fulfil a particular mission requirement. The main reason why this approach isn’t

adopted is to ensure that the effects of compounding are isolated from other design

factors, so that the flight mechanics results between the three aircraft configurations

are exclusively due to the introduction of thrust and lift compounding. Consequently,

the work presented throughout this Thesis should not be classed as a design exercise

but a flight mechanics investigation to determine the broad effects of compounding.

Hence, all of the results presented in the Thesis should be viewed in this context. It

is acknowledged that the results from this work could be supplemented in future stud-

ies with a parametric study of the compound helicopter design which would examine

various design parameters and their effects on the helicopter’s flight behaviour.
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3.2 Preliminary Design of the Configurations

Coaxial Compound Helicopter (CCH) Configuration

Although this is not a design exercise, by altering the BL configuration to represent

compound helicopter configurations it is necessary to size certain elements of the vehi-

cle’s design. Table 3.1 presents the important design parameters of the main rotors of

the BL and CCH configurations. The main rotor of the AgustaWestland Lynx, the BL

configuration, is obtained from a dataset which is in the open literature [36]. Concern-

ing the CCH configuration, the coaxial rotor is sized similarly to that of the coaxial

rotor used on the XH-59A helicopter with some available data [32, 79]. This approach is

justified as the mass of the XH-59A helicopter is similar to that of the AgustaWestland

Lynx. The design parameters of the coaxial rotor are shown in Table 3.1 and are cho-

sen to match the XH-59A aircraft. Hence, the rotor solidity, rotorspeed and twist are

identical to that featured on the XH-59A. The structural properties of the coaxial rotor

blades, the spring stiffness and the flap moment of inertia are calculated to correspond

with the data reported in the literature [32, 79]. For example, the spring stiffness of the

coaxial rotor is 220500 N.m/rad which is selected to match the high flapping frequency

of the XH-59A helicopter. One inherent feature of the ABC design is that the coaxial

rotor features very stiff rotor blades [35] to carry the significant structural load due

to the lifting duties of the two rotors shifting towards the advancing sides of the rotor

discs, in high speed flight. One of the advantages of this design is that the vertical

separation between the rotors is kept reasonably small to ensure a compact design. A

large vertical separation creates some issues by exposing the shaft and control linkages

resulting in an increase in parasitic drag at high speeds. Another concern is that a large

separation distance would result in the upper rotor creating excessive moments due to

the increased distance between its tip path plane and the centre of mass. Also note that

the rotor blades are spaced 0.2R apart, which is typical of coaxial rotors, to account

for the lateral flapping of the two rotor discs [38]. In terms of the empennage design,

the fin’s chord is orientated so it is parallel with the fuselage’s centre-line. Generally,

the fin is angled to offload the tail rotor at high speed but this is not required in the

CCH configuration as the upper and lower rotors provide the torque balance.

The fundamental design of the CCH configuration is based on the ABC demon-

strator aircraft. This aircraft configuration is unique as it uses the “lateral lift offset”

concept to fully realise the lifting capability of the advancing side of the rotor discs [18].

Figure 3.2 compares a conventional single main rotor and the coaxial rotor ABC (or
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Design Parameter Symbol BL Configuration CCH Configuration

Rotor Radius R 6.4m 5.49m

Rotorspeed Ω 35.8 rad/s 35 rad/s

Spring Stiffness Kβ 166352 N.m/rad 220500 N.m/rad

Number of Blades Nb 4 6

Rotor Solidity σ 0.077 0.127

Lock Number γ 7.12 5.41

Shaft Tilt γsh 3 deg 3 deg

Flap Moment of Inertia Iβ 678 kg.m2 450 kg.m2

Twist Gradient θtwist -8.02 deg -10 deg

Table 3.1: Main Rotor Design of the BL and CCH Configurations.

lateral lift offset) concept. With a single main rotor, see Figure 3.2(a), the lift dis-

tribution across the advancing and retreating sides of the rotor disc must be equal to

provide roll hub trim. As the flight speed increases, a single main rotor without any

other source of lift compounding, is incapable of maintaining roll hub trim due to the

onset of retreating blade stall. In contrast, the ABC concept uses a coaxial rotor to

overcome this limitation of the single main rotor, see Figure 3.2(b). At high speeds,

the lifting duties of the rotor system are transferred to the advancing sides of the ro-

tor discs [18], thereby offloading the retreating sides of the rotor discs. In high speed

flight the upper rotor produces a negative rolling moment whereas the lower provides

a positive rolling moment, with the net effect of roll hub trim. This design therefore

overcomes the aerodynamic limitations of a conventional single main rotor which allows

a helicopter featuring the ABC rotor system to obtain speeds that surpass a typical

helicopter. The lateral lift offset was achieved on the XH-59A aircraft by variable phase

angle control or by the introduction of a differential lateral cyclic control to promote

greater loading across the advancing sides of the discs in high speed flight [18]. This

study uses a differential lateral cyclic control on the aircraft to fulfil the lift potential

of the advancing sides of the discs at high speeds. Therefore, the differential lateral

cyclic control, θ1cdiff
is used to match the lateral lift offset value, which is defined by

Yeo and Johnson [80] as

LOS =
∆Mx

TR
(3.1)

where ∆Mx is the upper rotor rolling moment, R is the rotor radius and T is the total

rotor thrust. In high speed flight, LOS is selected to promote greater loading across the
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(a) Single main rotor

Stall onset

(b) ABC Concept

Figure 3.2: Typical lift distribution comparison between a single main rotor and the ABC

concept, reproduced from [54]

advancing sides of the rotor discs thereby offloading the retreating sides of the discs.

In addition to the differential lateral cyclic control, a differential collective control

is introduced that allows the pilot to yaw the helicopter. The upper and lower rotor

collectives take the form

θu = θ̄0 + θdiff (3.2)

θl = θ̄0 − θdiff (3.3)
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Hence, a positive differential collective input increases the blade incidence of the upper

rotor whereas it has the opposite effect on the lower rotor, having the net effect of yawing

the helicopter’s nose to the right. The tail rotor control is replaced by a differential

control, θdiff, and a propeller collective control, θprop, is also introduced resulting in a

total of six controls. As a result, control redundancy is present within this helicopter

configuration. Another design issue is the sizing of the propeller with Table 3.2 showing

the chosen design parameters of the propeller. The rotational speed is chosen to provide

a high airflow velocity over the propeller blades without compressibility effects becoming

an issue at high speeds. The propeller also features Clark Y aerofoils along the span

with a high level of twist so that each propeller blade element operates at a favourable

angle of attack [58].

Design Parameter CCH Configuration

Rprop 1.3m

Ωprop 162 rad/s

θtwist -30 deg

σprop 0.2

xprop (-7.66, 0, 0)m

Table 3.2: Propeller Design of the CCH Configuration.

A design concern with compound helicopters is that compressibility effects at the

advancing blade tip can be an issue in high speed flight. If the Mach number of the

advancing blade tip approaches unity, then a portion of the local airflow becomes super-

sonic leading to the formation of shock waves, thereby resulting in a significant increase

of drag [69]. The solution is to slow the main rotor at high speeds, for example the

Sikorsky X2’s coaxial rotor is slowed by 20% at high speeds [34]. In a design analysis

of a compound helicopter, Yeo and Johnson slowed the main rotor considerably, from

a blade tip speed of 750ft/s in hover to 502ft/s in the helicopter’s cruise condition of

250kt, so that the advancing tip Mach number was 0.8 in cruise [28]. With the assump-

tion that 200kt is the CCH configuration’s forward speed boundary, it is necessary to

reduce the rotational speed of the coaxial rotor to avoid the advancing tip Mach num-

ber approaching drag divergence. Figure 3.3(a) and 3.3(b) present the Mach number

distribution across the upper and lower main rotor discs, when viewed from above, of

the CCH configuration with and without rotorspeed reduction at Vf = 200kt. On the

advancing sides of the rotor discs the Mach number approaches unity as the flight speed

and rotorspeed combine, resulting in pockets of transonic flow. As the Mach number

exceeds the critical Mach number, defined as the number where pockets of sonic flow
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(a) Upper rotor with no rotorspeed reduction.

6

Flight direction

(b) Lower rotor with no rotorspeed reduction.

(c) Upper rotor with rotorspeed reduction. (d) Lower rotor with rotorspeed reduction.

M

Figure 3.3: Mach number distribution across the upper and lower main rotor discs of the

CCH configuration with and without rotorspeed reduction at Vf = 200kt.

form, there is a significant increase of drag due to the generation of shockwaves [1].

Another issue with transonic flow is the shifting of the aerodynamic centre of the aero-

foil section creating adverse pitching moments. It is evident that the main rotor must

be slowed to attenuate these issues. Figure 3.3(c) and 3.3(d) shows the Mach number
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Figure 3.4: CCH Configuration’s Variation of Rotorspeed.

distribution across the rotor discs with the rotorspeed slowed by 13% of its hover value.

As expected, the Mach numbers of the advancing sides of the rotor discs have lowered

consequently ameliorating the adverse compressibility effects. These compressibility

issues arise above speeds of 140kt. Hence above this speed the rotational speed of the

coaxial rotor is reduced, with Figure 3.4 showing both the variation of the rotorspeed

and advancing tip Mach number.

Hybrid Compound Helicopter (HCH) Configuration

The HCH configuration features both lift and thrust compounding. The two propellers

fulfil the dual purpose of providing the anti-torque moment and producing additional

axial thrust in high speed flight. The lift compounding, supplied by a wing, offloads the

main rotor of its lifting responsibilities at high speeds. Like the CCH configuration, it

is necessary to take into account some design considerations. The main design task is

the sizing of propellers and wing. The addition of a wing to any compound helicopter

configuration degrades hover performance by creating an aerodynamic download as

well as adding structural weight to the design. The download and extra weight must

be compensated with an increase in rotor thrust and an increase in power consumption.

To retain good VTOL capability the wing must be sized in a manner that does not

adversely reduce hover performance whilst having the ability to offload the main rotor
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Design Parameter HCH Configuration

Rprop 1.3m

Ωprop 162 rad/s

θtw -30 deg

σprop 0.2

xprop (0.05, ±3.87, 0.13)m

Table 3.3: Propeller Design of the HCH Configuration.

at high speeds. Another complication is that the sizing of the wing influences the design

of the propellers. As mentioned previously, the propellers are required to provide the

anti-torque moment in low speed flight. The propellers are mounted on the outer

sections of the wing to provide adequate clearance between the propeller blades and

the fuselage. It is clear that a greater wing span will result in lower propeller thrusts

required to provide the anti-torque moment as the lever arm from the propeller to the

centre of mass is increased. The selected wing area for the HCH configuration is 12m2

with an aspect ratio of 6. This wing area can create a significant amount of lift at high

speed without adversely degrading hover performance. Also this combination of the

wing area and aspect ratio creates a sizable lever arm between the propellers and the

centre of mass thus reducing the propeller thrusts at low speed flight. In terms of the

aspect ratio, a value of 6 is chosen because a higher aspect ratio would lead to a wing

span that would extend further into the higher velocities of the rotor wake whereas a

lower aspect ratio would result in a greater induced drag penalty [74]. A choice of 6

is an appropriate compromise between these two effects and has been used on various

winged helicopters [13, 81].

Concerning the control of the HCH configuration, a mean propeller collective set-

ting controls the magnitude of the two propeller thrusts whereas a differential propeller

collective controls the yawing motion of the helicopter. The starboard and port pro-

peller collectives take the form

θstar = θ̄prop + θdiff (3.4)

θport = θ̄prop − θdiff (3.5)

The differential propeller setting, θdiff, mean propeller collective, θ̄prop, as well as the

standard main rotor collective and cyclic controls result in five controls. The end result

is a level of control redundancy which requires an amendment to the trim algorithm,
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(a) No reduction of rotorspeed.

6

Flight direction

(b) Reduction of rotorspeed.

M

Figure 3.5: Local Mach number distribution across the main rotor disc of the HCH con-

figuration with and without rotorspeed reduction at Vf = 200kt.

which is discussed in Section 3.3. The starboard and port propellers are identical with

the exception of their positions on the airframe with Table 3.3 showing the important

design properties of the propellers.

Figure 3.5(a) shows the distribution of local Mach numbers across the main rotor

of the HCH configuration at a speed of 200kt without rotorspeed reduction. There is

a region across the advancing side of the rotor disc with transonic flow, approaching

local Mach numbers of unity. As discussed previously with the CCH configuration, it is

necessary to slow the HCH configuration’s main rotor to avoid adverse compressibility

effects. Therefore, the main rotor is slowed by 17% relative to its hover rotorspeed, at

200kt with the local Mach number distribution presented in Figure 3.5(b). This rotor

is slowed to a greater extent when compared to the CCH configuration as the vehicle’s

wing offloads the main rotor. As expected, the local Mach numbers of the advancing

side of the disc have reduced. Another consequence of the reduction of rotorspeed is

the increased region of reverse flow, as indicated by the negative Mach numbers in

Figure 3.5(b). Compressibility effects become a concern after 140kt. Hence, the main
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Figure 3.6: HCH Configurations Variation of Rotorspeed.

rotor’s speed is gradually lowered, as seen in Figure 3.6, to avoid the advancing side of

the disc approaching drag divergence.

3.3 Trim Analysis

The starting point of any meaningful analysis of a helicopter configuration is to trim

the model. From the trim condition the helicopter’s dynamic stability, performance,

manoeuvrability and handling qualities can all be assessed. With the design of the

compound helicopter configurations finalised, then the aircraft configurations can be

trimmed. Concerning the BL configuration, the trim algorithm calculates the four con-

trol angles, roll and pitch angles which result in zero translational and angular acceler-

ations acting at the aircraft’s centre of gravity. In addition, the angular rates, sideslip

velocity and glideslope angle are set to zero for all the trim calculations presented in

this study. Essentially, there are six trim targets which are
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X −W sin Θ = 0 (3.6)

Y +W cos Θ sin Φ = 0 (3.7)

Z +W cos Θ cos Φ = 0 (3.8)

L = 0 (3.9)

M = 0 (3.10)

N = 0 (3.11)

which correspond to the condition of steady level flight. Clearly, finding the four

control angles, roll and pitch angles to trim the BL configuration, thereby satisfying

the six trim targets Equations (3.6) - (3.11), is not a trivial task. The unknowns

cannot be calculated analytically, therefore a numerical technique, as described fully

in Appendix B, is used. This numerical method has proven to be a flexible and robust

algorithm for the conventional helicopter. However, due to the introduction of extra

control(s) to the compound helicopter configurations the trim algorithm requires a slight

amendment. One solution to this issue is to add another equation(s) to the six trim

targets, Equations (3.6) - (3.11), to match the number of unknowns. Alternatively, an

additional vehicle state could be prescribed to reduce the number of unknown controls.

The following describes the approach to the trim of the CCH and HCH configurations.

One of the unique features of the CCH configuration is that a differential lateral

cyclic control, which controls the lateral lift offset value, is introduced to the design.

The CCH configuration therefore features a total of six controls: mean main rotor

collective, differential main rotor control, two cyclic controls, propeller pitch and a

differential lateral cyclic control. The approach taken to trim the CCH configuration

is to prescribe an extra state as well as introduce an additional trim target. Presently,

the extra state that is prescribed is selected to be the pitch attitude, Θ, as it directly

impacts the amount of thrust the propeller is required to produce. One possibility is to

set a fixed value of pitch to trim the helicopter at all flight speeds, for example Θ = 0,

fuselage level. However, this is not always desirable, as it would require an excessive

level of propeller thrust at certain flight speeds. Another concern is that, in low-speed

flight, there is no distinct advantage of having the propeller providing thrust, as it

would unnecessarily increase the overall power consumption of the helicopter. Hence,

rather than setting the pitch attitude to a fixed value for all flight speeds, a pitch

schedule is developed to minimise the required propulsive force of the propeller. In

terms of the additional trim target, this is the lateral lift offset value, which is given
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by Equation (3.1). The variation of the lateral lift offset value is selected to vary with

flight speed in the following manner

LOS = AV 2
f (3.12)

so that no lateral offset is required in the hover but the value increases with speed. This

trend of LOS across the flight envelope, Equation (3.12), is a typical variation of LOS

which has been used on the Sikorksy X2 [82]. The lateral lift offset value is required to

be within the range of 0.2 - 0.3 to avoid retreating blade stall in high speed flight [38].

In this study the coefficient A is selected so that the lateral lift offset value equals

0.2 at 200kt with all of the CCH configuration’s results reflecting this. Therefore the

trim algorithm calculates the seven unknowns to match the seven trim targets, which

are Equations (3.6) - (3.11) and Equation (3.12), so that the CCH configuration is in

steady level flight.

In relation to the HCH configuration, there are five controls: the main rotor col-

lective, two cyclic controls, a mean propeller pitch control and a differential propeller

pitch control. The approach taken to determine the control angles required to trim this

aircraft configuration is to prescribe an additional state which results in six unknowns

which match the six trim targets, Equations (3.6) - (3.11). Like the CCH configuration,

the extra state which is prescribed is the pitch attitude as it directly impacts the level

of thrust that the propellers are required to produce. In this design scheduling the pitch

attitude is particularly useful as it allows for direct control of the wing lift. Hence, a

pitch schedule is developed for the HCH configuration to reduce the required propeller

thrusts in low speed flight. It should be noted that the HCH configuration could, in

theory, be trimmed with a pitch attitude of zero at all flight speeds but there is an

important issue that arises in low speed flight. In order to trim the HCH configuration

in the hover, at a pitch attitude of zero, a large amount of negative thrust is required

from the port propeller. As forward speed increases and the port propeller continues to

create large amounts of negative thrust, to maintain a level fuselage, the forward veloc-

ity and the induced velocity of the port propeller travel in opposite directions. When

their magnitudes are similar there would be no well defined slipstream and eventually

the vortex ring state would be reached at some flight speed, resulting in the solutions

from momentum theory being no longer valid [2]. Hence the pitch attitude is scheduled

in such a manner that avoids the port propeller providing large amounts of negative

thrust in low speed flight. It was originally found that this manner of pitch scheduling
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Figure 3.7: Trim results of the BL and CCH configurations.

does impose the penalty of increasing the pitch attitude in the hover, from 4.3° for the

BL configuration to 8.4° for the HCH configuration. The reason for this increase in

pitch attitude is that the starboard propeller provides a significant thrust to provide

the anti-torque moment and the main rotor is required to flap backwards to oppose this

force. However, this high pitch attitude setting in low speed flight can be attenuated

by an appropriate selection of the rotor shaft tilt. Selecting a shaft tilt angle, γs, of zero

results in more favourable pitch attitudes in low speed flight. For the trim problem, the

pitch attitude is set close to zero after 150kt to maximize the lift produced by the wing.

A combination of setting the pitch attitude to zero after 150kt as well as a fixed wing

pitch setting of 7° maximises the lift of the wing, with the the wing’s lift coefficient, CL,

being approximately 0.5, whilst maintaining an adequate stall margin. Although there

is a temptation to completely offload the main rotor at 200kt, flight tests of winged

compound helicopters have showed that the wing providing the entire lifting force of

the vehicle is not the most efficient lift sharing ratio [32].
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Coaxial Compound Helicopter (CCH) Configuration Trim Results

Figure 3.7 shows the trim results of the CCH and BL configurations. In hover, the

coaxial inflow model, Equations (2.69) and (2.70), result in higher induced velocities

through the lower rotor than that of the upper rotor. Therefore, the induced power

loss of the lower rotor is greater than the upper rotor if the upper and lower thrust

coefficients are equal. Hence, to provide a torque balance, the upper rotor must cre-

ate more thrust than the lower rotor to match the lower rotor torque, with the thrust

sharing ratio of the upper and lower rotors being 1.32 in hover. Another consequence

of the higher induced velocities of the lower rotor is the reduced blade incidence of the

lower rotor blades if θ0u = θ0l. Therefore, to compensate for the strong inflow through

the lower rotor, the lower rotor’s collective is slightly higher than that of the upper

rotor in low-speed flight. This partitioning of the rotor thrusts and the higher pitch of

the lower rotor are both consistent with findings from other trimmed coaxial rotors in

hover [53, 83, 84]. As the CCH configuration moves away from hover, the thrust sharing

ratio tends toward unity and θdiff tends toward zero as the aerodynamic interference

between the rotors lessens as µ begins to dominate the coaxial inflow, Equations (2.69)

and (2.70). The differential lateral cyclic control is almost linear, increasing with flight

speed to match the required lateral lift offset value in Equation (3.12). Another inter-

esting feature of the trim results is the difference between the lateral cyclic required

for both configurations. In a conventional helicopter, a large amount of lateral cyclic is

required between 0 and 50kt, as can be seen with the BL configuration. As the conven-

tional helicopter moves into forward flight, the rotor wake skews backward, lowering

the local angle of attack at the rear of the rotor disk. This effect causes the helicopter

to roll to starboard (for a helicopter rotor that rotates anticlockwise when viewed from

above). To counteract this rolling moment, a large amount of lateral cyclic is required

to trim the helicopter. This effect still exists in the coaxial rotor, but the two rotors

flap in opposite directions, requiring little lateral cyclic. For speeds above 150kt, the

propeller produces the majority of the axial thrust requiring a small amount of lateral

cyclic θ1c to balance the propeller torque. The lack of tail rotor and the fin not being

angled relative to the fuselage centre-line reduces the side force that the helicopter pro-

duces from hover to 200kt, which consequently reduces the bank angle of the fuselage

significantly.

The propeller pitch setting is also shown in Figure 3.7 with the control varying

with flight speed in a linear manner. In low speed flight, the propeller does not pro-

duce a significant amount of axial thrust. However, the pitch schedule, which is shown
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Figure 3.8: Propeller Thrust and Pitch Schedule for the CCH Configuration.

in Figure 3.8, is developed so that in high speed flight the propeller offloads the coaxial

rotor of its propulsive duties. After 80kt, the axial thrust from the propeller increases

significantly, producing over 10kN of thrust at 200kt, as seen in Figure 3.8. The amount

of axial thrust produced by the propeller also impacts on the predicted values of lon-

gitudinal cyclic. Referring to Figure 3.7, there is little difference between the two

longitudinal cyclic results (negative longitudinal cyclic tilts the rotor disk forward) un-

til a flight speed of approximately 80kt, where the propeller begins to provide axial

thrust, reducing the longitudinal cyclic required. As expected, the amount of stick

forward, negative θ1s, after 80kt reduces when compared to the BL configuration due

to the contribution of the propeller to the propulsive force.

Figure 3.9 illustrates the effectiveness of the lateral lift offset coaxial rotor system

at a speed of Vf = 150kt. The benefit of lateral lift offset is that the advancing sides

of the discs provided the majority of the overall vehicle lift. Figures 3.9(a) and 3.9(b)

show the lift distribution of the upper and lower rotor discs at a lateral lift offset

value of 0.15. Recall that the upper rotor rotates in an anti-clockwise direction when

viewed from above whereas the lower rotor rotates in the opposite direction. Of course,

the advancing sides of the rotor discs provide the majority of lift with Figures 3.9(a)

and 3.9(b) showing that they produce opposing rolling moments, thereby having the
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(a) Upper rotor with LOS = 0.15.

6

Flight direction

(b) Lower rotor with LOS = 0.15.

(c) Upper rotor with LOS = 0.3. (d) Lower rotor with LOS = 0.3.

l̄el (N/m)

Figure 3.9: Lift distribution across the upper and lower main rotor discs of the CCH

configurations with different LOS values at Vf = 150kt.

net effect of rolling hub trim. In addition, Figures 3.9(c) and 3.9(b) present the lift

distributions of the upper and lower rotors with a greater value of lateral lift offset of 0.3.

As expected, there is greater loading on the advancing sides of the rotor discs thereby
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Figure 3.10: Trim Results of the HCH and BL Configurations.

providing a greater portion of the overall vehicle when compared to Figures 3.9(a)

and 3.9(b). At this lateral lift offset value the retreating side of the rotor discs is almost

completely offloaded. The highest lateral lift offset setting which is realistic depends on

the structural properties of the rotor blades and the hub [80]. An additional concern

is the separation distance between the two rotors to accommodate the lateral flapping

of the two rotors [38].

Hybrid Compound Helicopter (HCH) Configuration Trim Results

The trim results of the HCH and BL configurations are shown in Figure 3.10. The first

result to note is the difference between the collective settings. As the speed approaches

50kt, the collective setting of the HCH configuration begins to reduce as the wing begins

to offload the main rotor, whereas with the BL configuration, the collective begins to

increase, tending toward the limiting case of retreating blade stall. There is little

difference between the longitudinal cyclic values of the two configurations until 100kt.
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Figure 3.11: Wing’s Lifting Force and Propeller Thrusts of the HCH Configuration.

However, after 100kt, the two propellers begin to supply the propulsive force; therefore,

the rotor disk is no longer required to be tilted forward to provide the propulsive

force but to maintain the pitch attitude required. The lateral cyclic results of the

two configurations are of similar form throughout the speed range. In terms of the

attitudes, the absence of a tail rotor reduces the bank angle of the fuselage for all

flight speeds. The differential propeller collective is at its highest in low-speed flight to

provide the anti-torque moment. As forward speed increases, the anti-torque moment

duties are shifted toward the fin as it provides a side force, which results in the propeller

differential setting lowering as speed increases. At flight speeds in excess of 150kt, the

main rotor controls alter significantly due to the reduction of the main rotor’s speed,

in order to avoid compressibility effects. Hence, the wing offloads the main rotor to a

greater extent with the rotor producing only 30% of the overall vehicle lift at 200kt.

At this flight speed, it is possible that the control of the vehicle would transition from

main rotor controls to fixed-wing controls, similar to that of a tilt-rotor aircraft, with

conventional aircraft controls such as as ailerons, elevator, and a rudder.

Figure 3.11 presents the propeller forces, wing force and pitch schedule correspond-
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ing to trim conditions shown in Figure 3.10. In low speed flight the two propellers are

providing modest levels of thrust to maintain the torque balance. Note that the port

propeller is providing reverse thrust until a speed of 40kt. As flight speed increases, the

thrust of the two propellers increase significantly, with the two propellers providing the

majority of propulsive force to overcome the airframe drag in high speed flight. Also

shown in Figure 3.11 is the variation of wing’s lift throughout the speed range. As

expected, the wing provides a download of approximately 8% of the rotor thrust in the

hover which is consistent with experimental tests of other winged helicopters [74]. In

low speed flight, the contribution of the main rotor’s wake and the low dynamic pres-

sure across the wing, result in the wing providing a download force until 60kt. However

as flight speed increases the wing loading increases with the wing producing 28kN of

the lifting force at 200kt, 70% of the overall lifting force for the entire vehicle.

Figures 3.12(a) and 3.12(b) compare the lift contours of the BL and HCH con-

figurations at Vf = 150kt. With a conventional helicopter there is a decrease of the

local angle of attack at the advancing side of the rotor disc and an increase over the

retreating side of the disc as forward speed increases [38]. At a flight speed of 150kt, the

angles of attack across the retreating side are high to balance the rolling moments of

the advancing and retreating sides of the disc. At this flight condition the conventional

main rotor disc is tilted forward at this speed so that a component of the rotor thrust

vector provides a propulsive force to overcome the airframe drag. Therefore, the lift

contours at the rear of the main rotor disc of the BL configuration, Figure 3.12(a), are

greater than the lift at the front of the disc. In relation to the HCH configuration,

the wing provides 25% of the overall vehicle lift at this forward speed, consequently

offloading the main rotor as seen in Figure 3.12(b). As speed increases to the assumed

maximum speed of 200kt, the loading across the wing increases thereby offloading the

main rotor to a greater extend. The combination of a higher local dynamic pressure

across the wing and the reduction of the main rotor’s rotorspeed, increases the wing’s

contribution to the overall lift of the vehicle.

3.4 Model Validity Discussion

Before concluding this chapter, it seems appropriate to return and discuss the issue of

model validity. The level of modelling used throughout this Thesis falls into the level

1 modelling category of Padfield’s threefold hierarchy of rotor simulation models [36],

and the limitations of this type of model were discussed in Chapter 2. One of the main

limitations of the main rotor model is its inability to model nonlinear aerodynamics
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(a) BL Configuration
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(b) HCH Configuration.
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Figure 3.12: Lift distribution across the main rotor discs of the BL and HCH configura-

tions at Vf = 150kt.

such as blade stalling. Due to this feature it is fair to postulate that the current level

of modelling will produce unrealistic results if the compound helicopter configurations

were taken to the edge of their flight envelopes. Consequently, the results presented

within this Thesis are limited to flight speeds under 200kt, below the perceived edge

of the compound helicopter’s flight envelope, so that the modelling assumptions can

be considered valid. Blade stalling is not modelled, but care has been taken to trim

the compound helicopter configurations in a manner where blade stalling is unlikely to

occur. For example, at 200kt the HCH configuration is trimmed at a flight condition

where the wing produces 70% of the total vehicle lift, thereby offloading the main

rotor significantly. Due to this offloading, the main rotor is well clear from its limiting

state of retreating blade stall. In terms of the CCH configuration, the lateral lift offset

concept is used to offload the retreating sides of the rotor discs in high speed flight. It

is acknowledged that nonlinear aerodynamics have a greater effect with regards to the

CCH configuration as there is no source of lift compounding for this vehicle. However,

the use of a lateral lift offset of 0.2 at 200kt, avoids retreating blade stall across the
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rotor disc according to various studies [38, 85]. By avoiding blade stall, through the

use of the lateral lift offset trim strategy, then the results from the CCH configuration

can be viewed as of sufficient fidelity so that meaningful insights can be gained from

the model. In terms of future work, it is recognised that there may be a need for high

fidelity models, which take into account nonlinear aerodynamics, to support this flight

mechanics study. Therefore, it is recommended that these types of models should be

considered in future work to supplement the conclusions made in this Thesis. The main

benefit of high fidelity modelling techniques is that the compound helicopter’s flight

dynamic characteristics could be assessed at the edge of its perceived flight envelope,

at a flight speed in the region 250kt.

3.5 Chapter Summary

This Chapter detailed the development of the two compound helicopter configurations.

These two configurations represent two compound helicopters which are of interest to

the rotorcraft community and are being taken seriously by their respective manufac-

turers. The result is three aircraft configurations - the two compound helicopters and a

baseline configuration providing an effective comparison vehicle. It was highlighted this

is not a design study but a study to investigate the impacts of compounding. There-

fore, the fuselage shape and size of all three vehicles is maintained so that the effects of

compounding are isolated from other factors. However, the addition of a coaxial rotor,

propellers and wing to the conventional helicopter do require some preliminary design

considerations. The Chapter discussed these elementary design considerations.

With the aircraft configurations developed then the vehicles are trimmed using a

numerical algorithm. As the compound helicopter configurations feature some level of

control redundancy, the trim algorithm was amended to calculated the trimmed states

of the vehicles. This algorithm was shown to successfully calculate the control angles

required to trim the CCH and HCH configurations. This was achieved by the addition

of extra trim target(s) as well as by prescribing the pitch attitude throughout the speed

range. The trim results of the two compound helicopter configurations highlight some of

the benefits of compounding. In terms of the CCH configuration, the main conclusions

are as follows

� The effect of thrust compounding to the CCH configuration is to reduce the

amount of stick forward required to trim the aircraft after 80kt. After 80kt the
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propeller provides a significant amount of propulsive force, divorcing the main

rotor from its propulsive duties.

� The results not only highlight the influence of compounding but also demonstrate

the potential of the coaxial rotor ABC concept. The lateral lift offset rotor is

capable of providing the lifting force of the vehicle, without any additional source

of lift compounding, in high speed flight unlike that of the single main rotor of

the BL configuration. This is due to exploiting the lift potential of the advancing

sides of the rotor discs in high speed flight using lateral lift offset. Without lateral

lift offset the aircraft is incapable of obtaining speeds greater than 150kt.

In relation to the HCH configuration, the main conclusions from this Chapter are

� The trim results of the HCH configuration show a reduction of collective required

after 50kt as the wing begins to offload the main rotor. In low speed flight, the

wing provides an aerodynamic download due to a contribution of the main rotor’s

wake and the low dynamic pressure across the wing. At 200kt the wing provides

70% of the total lifting force.

� The differential propeller collective control required is at its highest in low speed

flight as it provides the anti-torque moment. However as the aircraft transitions

into forward flight, the control decreases as the fin is now capable of providing

the anti-torque moment.

� There is also less longitudinal cyclic required after 100kt as the propellers provide

the propulsive force to overcome the airframe drag. The two propellers allow the

fuselage’s pitch attitude to be controlled, resulting a near level fuselage in high

speed flight which results in a significant lifting force from the wing.
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Performance Analysis

The performance of an aircraft is a critical aspect of the vehicle’s design. Generally,

the design process of any new aircraft is driven by the performance, cost, reliability,

safety, maintainability, external noise and manoeuvrability of the vehicle [1]. However,

perhaps the two most important design drivers generally tend to be the performance

and cost of the aircraft. The performance of the vehicle must be able to satisfy or

exceed the expectations of the potential customer. Economically, the aircraft needs

to be affordable and profitable to the operator. In relation to the performance of

the compound helicopter, the vehicle is expected to have a greater range and dash

speed than that of a conventional helicopter. Due to the resurgence of interest in the

compound helicopter design, performance studies of this type of vehicle have begun to

be published. It is important to understand how these recent studies compare with the

approach taken in this current work. Hence, before stating the aims of this performance

work it is necessary to examine the recent compound helicopter performance studies.

The performance of the conventional helicopter is well understood and is explained

in most standard helicopter textbooks [1, 3, 5, 7, 38]. However, recently more perfor-

mance studies of compound helicopters have began to appear in the literature. In par-

ticular, due to the development of the Sikorsky X2 aircraft, there has been an increase

of interest in the coaxial rotor arrangement with Johnson exploring the performance of

the rotor system [85]. The comprehensive rotorcraft analysis (CAMRAD II) [72] pack-

age was used in this particular study to examine the performance of a coaxial rotor.

With the vehicle weighing 150000lb and a coaxial rotor system optimised for cruise

performance, the maximum lift-to-drag was calculated to be 6.2. Although Johnson

hypothesises that this result may be somewhat optimistic, it does indicate that a coax-

ial compound helicopter could efficiently operate at 250kt. Regarding another recent
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study of lift-offset rotors, Yeo and Johnson investigated the maximum blade loading of

such a rotor system [80]. The results show that the thrust capability of the lift-offset

rotor is significantly greater than that of the conventional rotor due to the system fully

exploiting the lift potential of the advancing side of the rotor.

In terms of a single main rotor compound helicopter, Yeo and Johnson investigated

the optimum design of a single main rotor compound helicopter weighing 100,000lb [28].

The study concluded that the optimum performance occurred when the wing was pro-

ducing the majority (≈90%) of the vehicle lift and that the main rotor blade twist

strongly influenced the aircraft performance. Another study by Moodie and Yeo, con-

ceptually designed a slowed-rotor compound helicopter to achieve the best cruise per-

formance [27]. Their compound helicopter configuration was similar in layout to that

of the Lockheed Cheyenne, with the tail rotor and propeller mounted at the rear of

the aircraft. The main rotor is slowed at high speeds, in order to avoid adverse com-

pressibility effects, with a highly nonlinear twist distribution to minimise power. The

maximum take-off weight of the aircraft was calculated to be 36,851lb, in order to

carry a payload of 4015lb, with the maximum lift-to-drag ratio at the cruise condition

of 250kt computed to be 7. This result suggests that this particular configuration has

a significant performance advantage when compared with a conventional helicopter.

However, Moodie and Yeo were keen to stress that further work is required to assess

how such a configuration would perform low speed manoeuvres as the large wing could

present some challenges in this flight regime.

It is clear that the emergence of the compound helicopter has resulted in more

performance studies of the vehicle. These studies have assessed the performance of

the Advancing Blade Concept design as well as the design of a single main rotor com-

pound helicopter [27, 28, 85]. These recent performance studies sized the compound

helicopter’s design parameters from a given mission specification. By using this ap-

proach, the performance benefits of the compound helicopter were highlighted [27, 28].

In contrast, the strategy of this work is to take a different approach from these studies

to isolate the effects of compounding from the performance of the aircraft class. It is

worth highlighting again that this is not a design exercise, but a study to determine

the effects of compounding on the performance of the rotorcraft. Therefore, the re-

sults from this study should be viewed in this context. Although not a design study,

it is likely that the results will highlight some design issues relating to the compound

helicopter.
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The performance results in this Chapter are all computed by using the appropriate

trim algorithms which were introduced in Chapter 3. The Chapter begins by presenting

the power required in steady level flight for each compound helicopter configuration.

Recall that there are two compound helicopter configurations which are named the

Coaxial Compound Helicopter (CCH) and the Hybrid Compound Helicopter (HCH),

Figures 3.1(a) and 3.1(b). In addition, the Baseline (BL) helicopter serves as a compar-

ison vehicle. The Chapter also investigates the effect of compounding on the maximum

speed, hover ceiling, range and endurance of the compound helicopter. The Chapter

concludes by examining the compound helicopter configurations when flying standard

helicopter missions.

4.1 Power Required in Steady Level Flight

The power required to operate an aircraft in steady level flight is important in any he-

licopter design. It is the goal of the designer to minimise the power required in steady

level flight to maximise aircraft performance as well as provide an adequate power mar-

gin for the aircraft to perform manoeuvres. Figure 4.1 compares the predicted power

of the HCH and BL configurations in steady level flight at mean sea level (MSL).

Throughout the speed range the HCH configuration requires greater power when com-

pared with the BL configuration. In the hover, the HCH configuration requires greater

rotor power to overcome the aerodynamic download of the wing and the anti-torque

moment is provided by the port and starboard propellers. The power of the tail rotor,

in the hover, is 133kW whereas the starboard and port propellers require 109kW to

retain the torque balance. Hence, the effect of thrust compounding is advantageous in

this regard. As flight speed increases, a notch appears in the HCH configuration’s rotor

power at 50kt due to wing stalling. After a speed of 80kt, combination of the wing

offloading the main rotor and the main rotor slowing down to avoid adverse compress-

ibility effects, reduces the main rotor power. However, this is met with an increase of

power required by the two propellers, to overcome the fuselage drag and to maintain a

near level pitch attitude to promote a favourable wing angle of attack. The net effect is

that the power of the HCH configuration is greater than that of the BL configuration

throughout the speed range. After 163kt the total power required exceeds the power

available from the engines. This result, as expected, indicates that further optimisation

of the design is required, particularly to reduce the airframe drag with technology such

as active flow control [86]. The introduction of a low drag design would reduce the

propulsive power required by the propellers and therefore lower the total power of the
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HCH configuration. Additionally, the results highlight that it would be necessary to

increase the installed engine power of a compound helicopter relative to a conventional

helicopter of similar size. A similar conclusion was made during the investigation of

the powerplant of a lift and thrust compounded Lynx demonstrator [21].

Max Power @ MSL

Figure 4.1: Predicted Power Required for the HCH and BL Configurations in Steady

Level Flight at MSL

In relation to the CCH configuration, it has been a contentious issue whether or

not a single main rotor design with a tail rotor is more efficient than a coaxial rotor

design. To address this issue Kim and Brown [52, 53] used the vorticity transport

model (VTM), which is a comprehensive rotor model, to compare the performance of

a single rotor to that of a coaxial rotor. One important issue that Kim and Brown [52]

highlight is that care must be taken when comparing a single rotor to that of a coaxial

to ensure that a fair comparison can be made. Kim and Brown argue that to properly

compare these two rotor systems the conventional single rotor must consist of an equal

number of geometrically identical blades to those used in the coaxial rotor [52]. The
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Max Power @ MSL

Figure 4.2: Predicted Power Required for the CCH and BL Configurations in Steady

Level Flight at MSL

reasoning for this approach is so that the differences between the two rotor systems are

confined to the vertical separation of the rotors and not to the geometric differences of

the rotor blades [52]. With this comparison method defined, Kim and Brown conclude

that a coaxial rotor system consumes slightly less power than that of a single main

rotor, a conclusion that is supported by Johnson [38]. Regarding the current modelling

of the coaxial rotor, which is described in a flight dynamics investigation of compound

helicopters by Ferguson and Thomson [87], the comparison of a coaxial rotor to that of

a single rotor gives similar power predictions. This is perhaps due to the rudimentary

nature of the coaxial inflow model which does not take into account the radial contrac-

tion of the upper rotor wake. However, the coaxial rotor model has shown to agree

well [87] with the coaxial hover results provided by Harrington [55] and forward flight

results by Dingeldein [56].

The power of the CCH and BL configurations are shown in Figure 4.2. The pre-
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dicted main rotor hover power of the BL and CCH configurations is 765kW and 922kW,

respectively. The CCH configuration’s rotor power is greater than that of the single

rotor in the hover. This result is slightly misleading as it could be interpreted to sug-

gest that the single main rotor is more efficient than the coaxial rotor. As mentioned

in the previous discussion, to compare fairly the merits of the two rotor systems the

single rotor must have the same number of identical blades to that of its coaxial ro-

tor counterpart [52]. The coaxial rotor has a solidity of 0.127, which is based on the

XH-59A demonstrator aircraft [79], whereas the conventional single rotor’s solidity is

0.077. Hence, the coaxial rotor requires greater power in the hover due to its increased

solidity which raises profile power losses. The high level of solidity featured on the

XH-59A’s main rotor was likely due to high speed design considerations. This design

concept does not feature wing compounding, hence the coaxial rotor is responsible for

providing the necessary lifting force at high speeds. The lateral lift offset fully exploits

the high dynamic pressure on the advancing side of the rotor disc. However, on the

opposite side of the rotor disc, the retreating side, a significant portion of the disc

operates in reverse flow and therefore is incapable of contributing to the lifting force.

This effectively reduces the rotor disc area and a high level of solidity is required to

maintain the lifting force at high speeds. Returning to the presented results, the CCH

configuration’s rotor power reduces as it transitions into forward flight like that of the

BL configuration. As the conventional helicopter moves into forward flight, the power

begins to decrease reaching a minimum value at 68kt. After this flight condition the

power begins to rise due to the significant increase of airframe drag, requiring a large

amount of propulsive power. This is generally one factor limiting the maximum speed

of the helicopter as the power available is insufficient to overcome that due to the air-

frame drag, which is proportional to V 3
f . In contrast, notice after 80kt that the coaxial

rotor power does not increase significantly unlike the single main rotor. This is due to

a combination of the propeller providing the propulsive power and the introduction of

the lateral lift concept so that the lifting capability of the advancing sides of the coaxial

rotor is realised. The total power of the CCH configuration is slightly greater than the

BL configuration under 100kt. After this flight speed the total power between the two

configurations is comparable. The excess power of the CCH configuration becomes zero

at approximately 170kt suggesting that for the aircraft to operate in this speed range

requires an increase in installed engine power. Therefore the two compound helicopter

configurations predict that a significant increase of installed engine power is required

to operate these aircraft at high speed.

95



Chapter 4. Performance Analysis 4.1 Power Required in Steady Level Flight

Figure 4.3: Predicted Power Required for the HCH and CCH Configurations in Steady

Level Flight at MSL

Figure 4.3 compares the predicted rotor, propeller and total power of the two com-

pound configurations in steady level flight. Throughout the speed range, the CCH

configuration requires greater rotor power. At high speeds the rotor of the HCH con-

figuration is significantly offloaded by the wing whereas with the CCH configuration the

rotor is required to provide the lifting force as well as a portion of the propulsive force.

As the coaxial rotor system provides a portion of the propulsive thrust to overcome the

airframe drag, the necessary propeller power is lower than that of the two propellers

featured in the HCH configuration.

It is also interesting to present the propeller(s) propulsive power as a percentage of

the total power required. Figure 4.4 presents the propulsive power scaled by the total

power for both HCH and CCH configurations. In the hover, the propeller of the CCH

configuration consumes only 2% of the total power as the propeller is not required to

produce any thrust. At this flight condition the propeller blades are rotating but the

blades are feathered so that no thrust is required. Consequently, the propeller is not

required to accelerate air rearwards, therefore the majority of propeller power at this

point is due to profile power. In contrast, the two propellers of the HCH configuration

occupy 12% of the total power in the hover. In this particular configuration the two

propellers require power to provide the anti-torque moment. As the HCH configuration

moves into forward flight, the power of the two propellers increases and there is a notch
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Figure 4.4: Ratio of the Propeller(s) Power Against the Total Predicted Power at MSL

at approximately 50kt due to the wing stalling which alters the amount of main rotor

power required to compensate for the greater aerodynamic download the wing provides.

In relation to the CCH configuration, after 100kt there is a steep rise in the percentage

of propulsive power as the propeller divorces the main rotor of its propulsive duties.

At 200kt, the propeller of the CCH configuration is responsible for 73% of the total

power. Whereas for the HCH configuration the two propellers occupy 85% of the total

power for that particular vehicle.

4.2 Maximum Speed

The maximum speed of a conventional helicopter is restricted due to aerodynamic

limitations, installed engine power and airframe drag [1]. Due to these restrictions, the

maximum speed of a conventional helicopter may typically be limited to approximately

150kt. However, the compound helicopter design aims to surpass this flight speed by the

use of compounding to alleviate the aerodynamic limitations of the main rotor system.

In this case the aircraft’s speed may be limited by the installed power rather than

retreating blade stall. Hence, for this analysis, it is assumed that the only restriction to

the forward speed of the compound helicopter is the installed engine power. By making

this assumption, the maximum speed of each compound configuration is determined

by a Newton-Raphson technique which calculates the flight speed whereby the power
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available matches the power required by the vehicle.

Although the HCH and CCH configuration design parameters were determined in

the development of the respective configurations [87], certain design parameters can

be changed in order to observe their influence on aircraft performance. The design

parameters which are of most interest are the installed engine power, mass and air-

frame drag of the configurations. It has been previously predicted that the compound

configurations would need an increase of installed engine power relative to the BL con-

figuration which would inevitably increase the mass of the vehicle. Therefore the effect

of increasing the aircraft mass is of interest. Also, one of the main perceived advantages

of the compound helicopter is that it has the ability to operate at high speeds where

airframe drag becomes excessive. A conventional helicopter’s fuselage is not as aerody-

namically clean when compared to a fixed wing aircraft [37], therefore incurring a high

drag penalty at high speeds. There are various sources of airframe drag which include

the main rotor hub attachment, installation of the engine as well as the basic fuselage

shape [88]. Hence, it seems likely that a successful compound helicopter design would

feature a low drag rotor hub and fuselage design. There is a practical limit to which

the fuselage drag could be reduced since the fuselage is required to hold the payload

for various missions. Generally, the airframe drag is modelled by the equivalent flat

plate drag area which represents both the fuselage and rotor hub drag. Therefore, the

airframe drag is given by the simple relationship

D =
1

2
ρV 2fe (4.1)

For the present study, the same fuselage shape and size is assumed for all of the three

aircraft configurations, with its equivalent flat plate area approximately equal to 1.9m2.

However, due to drag reduction techniques, statistical data discussed by Ormiston [23],

suggests that the equivalent flat plate area of a a low airframe drag design can be

approximated with

fe = 2.5

(
W

1000

)2/3

(4.2)

Using this relationship and the current aircraft weight suggests that the airframe drag

could be reduced by 25%. This low drag fuselage design can be modelled simply by

multiplying the original airframe drag force, Xfus, by 0.75. Table 4.1 gives an overview
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of the design cases studied. The design parameters of Case E reflect, in all probability,

what a compound helicopter would feature: an increase of engine power to operate

the aircraft at a high speed range with a low drag airframe design. Also the mass

is increased by a factor of 1.1 to compensate for additional installed power and the

inclusion of propellers to the original design.

Case A Case B Case C Case D Case E

Standard Case Pavail = 1.4Pbase Xbase = 0.75Xfus Ma = 1.1Mbase Pavail = 1.4Pbase

Xbase = 0.75Xfus

Ma = 1.1Mbase

Table 4.1: Compound Helicopter Design Cases

The maximum speeds of the two compound helicopter configurations and design

cases are shown in Table 4.2. Restricting the analysis to the HCH configuration, the

maximum speed of case A is 163kt which is a modest increase relative to the 140kt

maximum speed of the BL configuration [89]. Although the wing offloads the main

rotor, the power of the two propellers increases to provide the propulsive power and

to maintain a near level fuselage attitude. Consequently, the maximum speed of the

HCH configuration, case A, is only slightly greater than that of the BL configuration.

With the greater installed engine power, case B, there is an increase of maximum speed

to 188kt which is a 25kt increase relative to case A. The reduction of fuselage drag,

case C, increases the maximum speed by 15kt. With case D, the increased mass case,

the maximum speed is lowered as the rotor power is increased to compensate for the

additional weight of the vehicle. The greatest maximum speed is achieved by case E

due to the combination of the increase of engine power and the reduction of airframe

drag.

In terms of the CCH configuration, for case A the maximum speed is 172kt which

is greater than its HCH configuration counterpart. This result is consistent with Fig-

ure 4.3, which indicates that at flight speeds in the region of 160kt that the CCH

configuration’s power setting is lower than the HCH configuration. This consequently

Maximum Speed (kt)

Configuration Case A Case B Case C Case D Case E

HCH 163 188 178 161 202

CCH 172 197 189 170 216

Table 4.2: Maximum Speeds of the Compound Helicopter Cases
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allows the CCH configuration to achieve a greater maximum speed. The cases of the

CCH configuration exhibit a similar trend to the HCH configuration with the maximum

speed of cases B, C and E rising when compared to case A. Case E achieves the great-

est speed of 216kt which is significantly higher than the maximum speed of the HCH

configuration. This result suggests that the one propeller vehicle, which is featured in

the CCH configuration, is more suitable as a high speed design concept than the other

compound helicopter. The maximum speed of the HCH configuration is limited by the

excessive power to drive the two propellers to overcome the airframe’s drag.

4.3 Hover Ceilings

The high speed aspect of the compound helicopter design is an attractive performance

benefit, however the ability to efficiently hover is also key if the vehicle is to fulfil various

missions and roles. One performance metric to indicate the hover efficiency of the heli-

copter is the hover ceiling. In order to predict the hover ceilings of these three aircraft

configurations, each configuration is trimmed in the hover and their altitude increased

until the power required matches the power available, within some given tolerance.

The hover ceilings are estimated by the use of a simple Newton-Raphson numerical

technique, to ensure rapid convergence. For the following analysis it is assumed that

the power available, as described by Keys [90], is given by

Pavail ≈ PMSL
δ

θ
(4.3)

where δ is the pressure ratio, approximated by

δ = (1− 6.876× 10−6h)5.265 (4.4)

The temperature, in the units of °F, can be calculated by

T = 59− 3.57

(
h

1000

)
(4.5)

The temperature ratio, θ, which is simply the ratio between the local temperature and

the temperature at mean sea level can be determined easily. Similar to that of the

maximum speed analysis, design parameters are altered to investigate their effect on

100



Chapter 4. Performance Analysis 4.3 Hover Ceilings

Hover Ceilings (m)

Configuration Case A Case D Case F

BL 3210 2280

HCH 2786 1849 3143

CCH 2529 1583

Table 4.3: Hover Ceilings of Compound Helicopter Cases A, D and F

the hover ceilings, with only cases A and D being considered. The power available can

be increased like that of cases B and E, however is it found that with this high level of

power available the helicopter configurations reach an altitude whereby the collective

angles of the two main systems are excessive and therefore approaching stall. Since the

modelling does not take into account non-linear aerodynamics it is reasonable to expect

the results from these particular cases to be unreliable, hence the results of these cases

are not presented. Of course, case C is also not studied as there is no parasitic drag

arising from the fuselage in the hover.

The hover ceilings of the three aircraft configurations are shown in Table 4.3. As

the BL configuration features the lowest power setting of each of the aircraft config-

urations in the hover, see Figures 4.1 and 4.2, it achieves the greatest hover ceiling

of 3210m. Considering the HCH configuration, the hover ceiling is less than that of

the BL configuration primarily due to the aerodynamic download of the wing which

results in increased rotor power to compensate. Although the wing is beneficial at high

speeds to offload the main rotor, in hover and low speed flight it provides a significant

download reducing low speed performance. This problem of aerodynamic download

was encountered in the development of the tilt-rotor and the use of flaps was shown to

ameliorate the wing download in low speed flight [24]. Therefore, case F represents the

case where the wetted area of the wing is reduced by 60% by the use of flaps. The wing

still provides an aerodynamic download, an inevitable consequence of lift compounding,

but the power of the two propellers, to provide the anti-torque moment, is smaller than

that of the conventional helicopter’s tail rotor. The net effect is that the use of flaps

results in comparable hover ceilings.

The CCH configuration achieves the lowest hover ceiling of the three aircraft config-

urations of 2529m. This is due to this configuration requiring the greatest power in the

hover of the three configurations which results in the lowest hover ceiling. The effect of

thrust compounding does not influence this result as the propeller only requires small

levels of power in the hover. It should be stressed that this coaxial rotor system is not
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an optimum system such as that on the Sikorsky X2 which features non-linear twist of

the rotor blades. In order to minimise the induced power losses from the coaxial rotor

system the twist of the lower rotor blade is required to be of double hyperbolic form, as

shown by Leishman and Ananthan [51]. This is due to the radial contraction of the up-

per rotor’s wake upon passing through the lower rotor. The rudimentary nature of this

coaxial rotor inflow model used within this current study assumes no radial contraction

of the upper rotor’s wake and therefore is unsuitable to predict the performance benefit

that nonlinear twist throughout the lower rotor blades offers. However, the coaxial

rotor inflow model has been validated in previous compound helicopter work [87]. Per-

haps a higher level of modelling and optimisation of the coaxial rotor system would

predict reduced levels of power than the results presented here.

4.4 Range and Endurance

The range and endurance of a helicopter indicate the capability of the aircraft to per-

form various missions and roles. There are various methods to predict these perfor-

mance metrics but the approach presented in the following is given by Johnson [2].

Firstly, focusing on range, the range of a helicopter can be found by integrating the

specific range over the total fuel weight, which is mathematically stated as

R =

∫ mfuel

0

dR

dmfuel
dmfuel (4.6)

The specific air range, dR/dmfuel (SAR), is given by the following

dR

dmfuel
=

1

SFC

Vf

Ptot
(4.7)

where SFC is the specific fuel consumption and Vf/Ptot is the optimum speed to power

ratio to maximise range. The specific fuel consumption is a function of fuel flow rate

and the power required, hence

SFC =
ṁfuel

Ptot
(4.8)

In order to determine the specific fuel consumption, the fuel flow rate through the engine

is required. The relationship between the fuel flow rate and power can be approximated

with
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Figure 4.5: Predicted Specific Range of the Three Aircraft Configurations

ṁfuel

δ
√
θ

= NEAE + 1.341BE
Ptot

δ
√
θ

(4.9)

where NE is the number of engines and both AE and BE define the engine’s fuel flow

with their units being lb/hr and (lb/hr)/HP, respectively. Using data relating to the

conventional aircraft’s engine [91], the value of AE is approximated to be 67.5, whereas

BE is estimated to be 0.34. To determine the range of these aircraft the mass of fuel

must be known. Since these are fictitious configurations it seems convenient to express

the predicted range results in specific range form, so that the range can be determined

by the product of the SAR and fuel mass. For the current analysis it is assumed

that the specific fuel consumption and Vf/Ptot are independent of the vehicle weight.

Furthermore, it is assumed that the ratio Vf/Ptot does not change over time, although

in reality the optimum ratio of speed to power would be a function of altitude and

vehicle weight. With these assumptions the SAR for the three aircraft configurations is

shown in Figure 4.5. As expected, the BL configuration achieves the greatest specific

air range of 114m/N at a speed of approximately 120kt. The maximum SAR of the

CCH configuration is slightly less than that of the BL configuration which is achieved

at 130kt. The results estimate that HCH configuration achieves the lowest SAR of
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Figure 4.6: Specific Endurance

Figure 4.7: Predicted Specific Endurance of the Three Aircraft Configurations

104 m/N however an inherent advantage of a winged helicopter is the opportunity of

carrying more fuel which would be factored into the design process.

As the helicopter is commonly used for scouting missions, the endurance of the

aircraft is particularly important to maximise search time. The endurance of an aircraft

is given by

E =

∫ mfuel

0

dE

dmfuel
dmfuel (4.10)

where the specific endurance, dE/dmfuel (SE), is

dE

dmfuel
=

1

ṁfuel
(4.11)

Figure 4.6 shows the predicted specific endurance of the BL, HCH and CCH config-

urations. Similar to the specific air range, the endurance can be determined by the

product of the specific endurance and weight of the aircraft fuel. The maximum en-

durance of each of the configurations is achieved when their respective power is at its
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Figure 4.8: Mission Profile

lowest, which can be determined from Figures 4.1 and 4.2. Consequently, the BL con-

figuration achieves the lowest power setting of the three configurations at 67kt, whereas

the best endurance speeds of the HCH and CCH configurations are 74 and 82kt, re-

spectively. It is interesting to note that despite the addition of compounding to both

compound helicopters, the shape of the SE curve is similar to that of a conventional

helicopter. Comparing the BL configuration to the two compound helicopters, the es-

timated endurance of the BL configuration is greater due to lower power requirements

predicted in Figure 4.1. At this speed, between 60 and 80kt, the combination of the

BL configuration’s main rotor providing both the lifting and propulsive forces as well

as the fin offloading the tail rotor allows the vehicle to achieve a lower power setting

than the two compound helicopters. The maximum endurance of the two compound

configurations is similar, although the endurance of the CCH configuration is slightly

higher, which is consistent with Figure 4.3. Within this speed range the addition of

thrust compounding is not particularly beneficial, as the propeller(s) require power but

not much propulsive force is needed.

4.5 Mission Performance

The performance of a helicopter flying a given mission is of major interest to the op-

erator of the aircraft. The helicopter is designed to be capable of performing various

missions such as anti-tank, anti-submarine and search and rescue. Each mission is

unique with some missions requiring the helicopter to hover for sustained periods of

time whereas with other missions the helicopter operates at a high speed for a con-

siderable time. The following analysis estimates the performance of the three aircraft

configurations flying standard helicopter missions.
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Loiter Mission

The first mission is a standard mission, as shown in Figure 4.8, with the helicopter

beginning at the runway and flying for some specified distance or time to reach its

destination. The helicopter can successfully perform search and surveillance operations

due to its unique ability to hover and land in demanding environments. For these

particular types of missions the helicopter’s crew search or patrol large areas whilst

operating the aircraft at the lowest possible power setting to maximise endurance. Of

course, maximising the endurance of the helicopter is of key interest to any operator

so that the helicopter can successfully patrol an area for an extended period of time

without the need to refuel.

The loiter mission is split into five main sections, namely, the start up, climb, cruise,

descent and shut-down portions. Each of these respective sections is discretised into

small time increments, typically 25s, to take into account the fuel burn and its effect

on the vehicle’s mass which consequently alters the power requirements throughout the

mission. An additional advantage of this approach is that the change of density due to

altitude changes can be modelled easily. The total length of the mission is two hours

and it is assumed that the helicopter accelerates to its best endurance flight speed at

the take-off site before climbing to the cruise altitude of 2km. In the loiter mission it

is assumed that the flight speed does not vary throughout the mission. In the climb

section of the mission, it is assumed that each of the aircraft configurations take 4 mins

to reach their cruise altitude. This corresponds to the vehicles climbing at a climb

angle of ≈10° , so that the configurations reach their specified altitudes in a timely

manner without exceeding the power available. However, in the descent segment of the

mission the climb angle is set to a constant value of -3° to avoid the respective main

rotors reaching their autorotational conditions. Moreover, it is assumed that all of

the three aircraft configurations operate at their maximum continuous power settings

for a small period of time at the start up and shut down segments, with five minutes

being a typical time for these sections [90], to take into account the fuel burned whilst

performing procedural checks.

Table 4.4 shows the power and the fuel burned throughout the loiter mission for the

three helicopter types. The power of all three configurations rises in the climb portion of

the mission, relative to their cruise power settings, as each configuration requires greater

induced rotor power in order to climb to an altitude of 2km. The BL configuration

operates at the lowest power setting of 438kW in the cruise segment of the mission

whereas the two compound configurations operate at comparable power settings. The
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BL Config HCH Config CCH Config

Vcruise = 75kt Vcruise = 81kt Vcruise = 87kt

t = 2 hr t = 2 hr t = 2 hr

Mission

Phase

Power

(kW)

Fuel

Burned

(kg)

Power

(kW)

Fuel

Burned

(kg)

Power

(kW)

Fuel

Burned

(kg)

Start up 1300 27.27 1300 27.27 1300 27.27

Climb 899 16.8 979 17.96 955 17.6

Cruise 438 243.5 516 271.84 524 274.7

Descent 277 18.9 356 21.3 370 21.7

Shut down 1300 27.27 1300 27.27 1300 27.27

Total Fuel

Burned
333.74 365.44 368.24

Table 4.4: Power and Fuel Burned Throughout the Loiter Mission

power settings of the HCH and CCH configurations in the cruise portion are 516kW

and 524kW, respectively. This is consistent with Figure 4.6 which predicts comparable

endurance performance between the two compound helicopter configurations at mean

sea level. As the vehicles operate at the cruise condition for the majority it follows

that the HCH and CCH configurations burn a greater amount of fuel relative to the

BL configuration. The BL configuration requires 334kg of fuel to complete this mission

whereas the two compound helicopter configurations burn approximately 10% more.

Range Mission

Another typical mission that a helicopter performs is the so called range mission. This

is a mission whereby the helicopter carries payload from a particular starting point

to a destination, that is a specified distance away. If the distance is significant then

a fixed wing aircraft would be commonly used to fulfil the mission whilst managing

to carry a much greater payload than a helicopter. However, the helicopter’s unique

ability to operate safely at low speeds and land in demanding environments makes

it suitable for various missions, such as ship replenishment. Furthermore, one of the

perceived roles of the compound helicopter, due to its greater speed, is that it could

perform flights in the civil market, i.e. city-hops. A light fixed wing aircraft would

perform the mission quicker than that of a compound helicopter but the helicopter has

the additional advantage of being able to land in a populated city environment rather

than an airport, which could subsequently reduce travel time.
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The main aim of the loiter mission is to minimise fuel burn whereas the range

mission is concerned with maximising the distance travelled for a given quantity of

fuel [90]. The time of the range mission can be simply calculated by defining the climb,

cruise and descent flight speeds and using the specified distance that the aircraft is to

travel. Similar to that of the loiter mission, it is assumed that the aircraft begins at the

take-off site at its climb speed before commencing its ascent to a cruise altitude of 2km.

The aim of the range mission is to maximise the distance travelled per unit fuel, hence

the cruise flight speed should correspond to the condition where the ratio Ptot/Vf is at

a minimum. Whilst this is true, the SAR curve (Figure 4.5), is relatively flat where

the ratio Ptot/Vf is at a minimum. Hence, a greater flight speed can be chosen without

adversely reducing the range of the aircraft [38, 74]. Therefore, whilst in the cruise

segment of the mission each of these aircraft configurations travel at their maximum

operating speeds to reduce travel time. Generally, the time taken to complete the

mission and the fuel burn are of equal importance to operators. However, in the climb

stage of the mission the aircraft configurations operate at their minimum endurance

speeds, where the maximum climb rate is achieved, so that they can ascent to the cruise

altitude as quickly as possible.

Table 4.5 shows the predicted power and fuel burn of the BL, HCH and CCH

configurations performing a 400km range mission. The three aircraft configurations

reach the cruise altitude of 2km in 4 mins which requires a significant amount of power

for each configuration. In terms of the descent portion of the mission, the power of all

three configurations reduce, relative to the power in cruise, as expected. During the

BL Config HCH Config CCH Config

Vcruise = 140kt Vcruise = 161kt Vcruise = 168kt

t = 1.65 hr t = 1.46 hr t = 1.40 hr

Mission

Phase

Power

(kW)

Fuel

Burned

(kg)

Power

(kW)

Fuel

Burned

(kg)

Power

(kW)

Fuel

Burned

(kg)

Start up 1300 27.27 1300 27.27 1300 27.27

Climb 899 16.8 979 17.96 955 17.6

Cruise 724 278.5 1056 324.56 1052 308.8

Descent 278 19.3 352 21.2 366 21.8

Shut down 1300 27.27 1300 27.27 1300 27.27

Total Fuel

Burned
369.14 418.26 402.74

Table 4.5: Power and Fuel Burned Throughout the Range Mission
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cruise stage of the mission the conventional Lynx helicopter travels at its maximum

operating speed of 140kt, which is stated in Ref [89], consequently requiring 369kg of

fuel to complete the mission. Although the BL configuration requires the least amount

of fuel, it does take the longest time of 1.65hr to to complete the mission. One of

the main perceived benefits of the compound helicopter is to operate at greater speeds

than the conventional helicopter by avoiding the main rotor’s inherent aerodynamic

restrictions. Of course, this increased speed would reduce the time the vehicle would

take to complete various missions and roles. The results presented here do capture

this benefit with both the HCH and CCH configurations completing the mission in a

shorter span of time relative to the BL configuration. The CCH configuration takes

1.40hr whereas the HCH configuration completes the mission in 1.46hr. However, there

is penalty with regards to the amount of fuel required. This is primarily due to the

conventional helicopter operating at lower power setting of 724kW in the cruise whereas

the compound helicopter configurations require ≈45% more power at this stage. When

comparing the compound helicopter configurations, the CCH configuration requires

15.5kg less fuel than the HCH configuration. Although the power in the cruise of the

two configurations is comparable, the higher cruise speed of CCH configuration results

in less fuel being burned.

4.6 Chapter Summary

This Chapter has examined the effect of compounding and its influence on the per-

formance of compound helicopter configurations. Recall that this was not a design

exercise where the available power, weights and main rotor design were sized to fulfil

a particular mission requirement. The approach taken, to quantify the performance of

the two compound helicopters, was to retain the same vehicle shape and size as with

the conventional helicopter. The motivation for this approach is so that the effects of

compounding were isolated from other factors, thereby ensuring that the three sets of

results could be compared fairly. Therefore, the results from this Chapter should be

interpreted within this context. The main conclusions of this Chapter are listed below:

� The results confirm that the conventional helicopter’s fuselage shape is not suit-

able for a high speed design and that a compound helicopter would require an

optimised airframe design to reduce drag at high speed.

� The results also predict that a compound helicopter would require significantly

more power than a conventional helicopter of similar mass. This increase of
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installed engine power is needed so that the compound helicopter can operate in

high speed flight.

� As expected, the addition of wing compounding to the HCH configuration reduces

the main rotor power at high speeds. However, the power of two propellers, which

provide the thrust compounding, increase with air speed to produce the propulsive

force to overcome the airframe drag. The net result is that the HCH configuration

requires greater power than the BL configuration across the speed range.

� Concerning the CCH configuration, the addition of thrust compounding does not

significantly influence the performance of the vehicle below flight speeds of 100kt

as the propeller is not required to produce axial thrust. Consequently, at these

flight speeds it is the coaxial rotor that determines the performance of this vehicle.

However, after 100kt the propeller provides a significant portion of axial thrust

to divorce the coaxial rotor from its propulsive duties. The results predict that

the BL configuration requires greater power than the CCH configuration between

speeds of 100 and 150kt.

� With the assumption that the three aircraft configurations are of the same vehicle

shape and mass, the compound helicopter configurations show modest increases of

maximum speed relative to the BL configuration. However, the maximum speeds

of the compound configurations can be significantly increased by a combination

of airframe drag reduction and increasing the installed engine power. Hence, as

expected, the addition of compounding can increase the maximum speeds of the

vehicles if the design is further optimised.

� In terms of the hover ceilings of the three configurations, the BL configuration

achieves the greatest hover ceiling whilst the HCH configuration achieves a lower

hover ceiling due to the aerodynamic download of the wing. Regarding the CCH

configuration, the level of modelling presented within predicts that it obtains a

hover ceiling of 2529m. The addition of thrust compounding has a minor influence

regarding this result as the propeller is pitched to provide a limited amount of

thrust. Hence, it is the design of the coaxial rotor which determines the vehicle’s

hover ceiling. It is logical to assume that further optimisation of the design

through nonlinear rotor blade twist would enhance the hover ceiling estimated in

this study.

� The predicted maximum ranges of the BL and CCH configurations are similar.

The estimated maximum range of the HCH configuration is 6% less than the
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CCH and BL configurations. However it is highlighted that the inclusion of wing

compounding to the HCH configuration’s design opens the possibility to store

additional fuel provisions. In terms of the endurance results, the BL configuration

is capable of the longest endurance. The predicted maximum endurance of the

two compound helicopter configurations are similar. The maximum endurances

occur at speeds between 70 - 80kt, where the benefit of either thrust or wing

compounding is not fully realised.

� Concerning the loiter mission, the BL configuration burns the least fuel of the

three configurations. The BL configuration burns 334kg of fuel whereas the CCH

and HCH configurations burn approximately 366kg of fuel. This result is con-

sistent with the specific endurance results presented. With the range mission,

the CCH configuration operates at the highest cruise speed, allowing the vehicle

to complete the mission in 1.4hr, which is quicker than both the BL and HCH

configurations. The addition of thrust and wing compounding to the compound

helicopters do indicate that significant reductions in mission time can be achieved.

However, this must be balanced with the penalty of burning more fuel than a con-

ventional helicopter of the same vehicle shape and size. In can be concluded, with

some confidence, that with further optimisation of the compound helicopter de-

sign further gains can be made in terms of flight time reduction whilst minimising

the fuel burn.

111



Chapter 5

Stability Analysis of Compound

Helicopter Configurations

5.1 Introduction

The previous Chapters have examined the effect of compounding on the trim and

performance results of the vehicle. The next logical step, following on from these

analyses in Chapters 3 and 4, is to assess the stability of the aircraft configurations.

This will provide an insight to the broad effects of lift and thrust compounding on

the stability of the helicopter. The starting point of a stability analysis is to take

the nonlinear equations of motion and reduce them to linear form. Generally, there

are two methods to linearise the aircraft equations of motion [36]. The first approach

is to use a numerical linearisation algorithm which involves the perturbation of the

aircraft’s forces and moments about the trim condition, thereby allowing the calculation

of the stability and control derivatives through numerical differentiation. Conversely,

a system identification approach is commonly used to fit a linear simulation model’s

response to that of a nonlinear model [92]. The approach used within this study is the

numerical linearisation approach which has been detailed within the literature to assess

the stability of both rotary and fixed wing aircraft [93, 94].

The main aim of this Chapter is to assess the dynamic stability of compound heli-

copters and compare their stability to a conventional helicopter, then investigate how

the addition of compounding to the configurations influences the helicopter’s stability

characteristics. In terms of the structure of this Chapter, it begins with a brief overview

of the numerical linearisation approach with Appendix C supporting the discussion by

providing a more detailed description. Following this discussion, the salient stability
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and control derivatives of the three aircraft configurations are presented. Moreover,

with the nonlinear equations reduced to linear form, the natural modes of motion of

the configurations are discussed. The Chapter concludes with a summary of the main

findings.

5.2 Linearisation Process

The helicopter equations of motion are inherently nonlinear and can be conveniently

represented in the form

ẋ = F(x,u) (5.1)

With the application of a linearisation algorithm, which is fully described in Ap-

pendix C, the nonlinear equations can be reduced to the form of

ẋ = Ax + Bu (5.2)

where the state and control vectors are perturbations from the trimmed state. The sys-

tem matrix, A, contains the stability derivatives whereas the control derivatives define

the control matrix, B. The structure of these matrices, corresponding to a conventional

helicopter simulation, are shown in Appendix C, Equations (C.11) and (C.12).

5.3 Stability Derivatives

Nonlinear models play an important role in helicopter flight simulation, however one of

their drawbacks is that it is difficult to isolate what causes the complex flight behaviour

of the aircraft. In contrast, greater understanding of the vehicle’s motion can be ob-

tained by using simplistic linear models. This is one reason why the nonlinear equations

of motion are commonly reduced to linear form. The stability derivatives are particu-

larly useful and represent how the helicopter responds following a small perturbation

to a vehicle state. Hence, to understand the effect of thrust and lift compounding on

the stability of a compound helicopter, the important stability derivatives between the

three aircraft configurations are presented and compared.
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Translational Velocity Derivatives

In the majority of cases, a velocity perturbation from the trimmed state alters the load-

ing across the helicopter’s main rotor blades with the magnitude and direction of the

rotor thrust vector changing as a consequence. There are also additional effects from the

other components of the aircraft, however in several cases the contribution of the main

rotor dictates the values of the stability derivatives. A perturbation of forward speed, u,

increases the lift across the advancing side of the rotor disc whereas it decreases the lift

across the retreating side. Additionally, there is an increase of the airframe’s drag due

to the perturbation. In terms of the drag damping derivative, Xu, its variation across

the speed range tends to be linear, representing the airframe’s drag force following a

perturbation [36]. This derivative is important as it is associated with the damping of

the phugoid mode. Figure 5.1 presents the predicted drag damping derivatives of the

three aircraft configurations as a function of flight speed. The addition of the propeller

to the Coaxial Compound Helicopter (CCH) configuration has increased the level of

drag damping when compared to the Baseline (BL) configuration. A positive pertur-

bation of u, reduces the propeller’s thrust. As a consequence the propeller contributes

to reducing the axial force following a perturbation of u, hence the negative value of

Xu. This effect also occurs in the Hybrid Compound Helicopter (HCH) configuration,

but with greater impact due to the addition of the two propellers to the design. Hence,

out of three aircraft configurations it is predicted that the HCH configuration has the

greatest drag damping, Figure 5.1. In addition to the two propeller’s influence to Xu,

the wing also provides greater drag with a positive perturbation of u creating greater

drag from the wing. One distinguishing feature of the HCH configuration is the rather

unusual change of Xu between hover and 40kt, Figure 5.1. The two propellers and wing

are the reason for this result. In terms of the propellers, the loading across the two discs

alters significantly in low speed flight to balance the main rotor’s torque. Furthermore,

the port propeller provides reverse thrust in low speed flight which alters the direction

of the induced velocity as it flows through the propeller disc. At approximately 40kt,

the port propeller begins to provide forward thrust, hence changing the direction of the

induced velocity. The direction of the induced velocity and the magnitude of propeller

thrust influence the drag force following a perturbation of forward speed. The wing also

contributes to the rather unusual appearance of Xu in low speed flight. In the hover,

the local wing angle of attack is approximately -90° , due to the influence of the rotor

wake. The wing is sensitive to a perturbation of u in low speed flight due to two rea-

sons. Firstly, a forward perturbation of u causes the rotor wake to skews rearwards, it

lowers the mean induced velocity v0, thereby altering the local wing of angle of attack.

114



Chapter 5. Stability Analysis 5.3 Stability Derivatives

Figure 5.1: Xu Stability Derivative

Secondly, in low speed flight the perturbation of u changes the local airflow direction

significantly. Neglecting wing pitch and the main rotor’s contribution, the wing’s angle

of attack in low speed flight is approximately equal to tan−1 (W/U). Hence, even a

small change of forward speed, in low speed flight, has a powerful impact on the local

angle of attack value. As a consequence, in this flight regime the perturbation of u

changes the direction of the wing force vector significantly. The net effect is that the

combination of the wing and the two propellers provide a rather unusual shape of Xu

in low speed flight.

One distinguishing feature of the conventional helicopter is cross-coupling - that

is where a single axis control input or disturbance results in the aircraft responding

in multiple axes [36]. This cross-coupling behaviour of the conventional helicopter

is primarily due to the main rotor [36]. For example, a main rotor collective input

increases the rotor thrust but also provides a yaw reaction due to the changes in torque.

Another source of cross-coupling arises due to the effect of the rotor wake. The influence

of the rotor wake can be observed by examining the stability derivative Yu. For a fixed

wing aircraft this derivative is essentially zero as there is little change in side force

due to a perturbation in forward speed. However, with a helicopter in low speed flight

a perturbation in forward speed gives a large change in the main rotor’s wake skew

angle [36]. This effectively reduces the local blade angle of attack at the rear of the
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Figure 5.2: Yu Stability Derivative

rotor disc. If the main rotor is rotating anti-clockwise, when viewed from above, then

the forward speed perturbation tilts the main rotor to the starboard side, thereby

changing the amount of side force. Figure 5.2 shows the predicted values of Yu for the

three aircraft configurations. The derivative is surprisingly high for the BL and HCH

configurations, in low speed flight. However, for the CCH configuration this derivative,

Yu, is very small across the speed range. For this configuration, the perturbation in

forward speed lowers the local blade angle of attack in low speed of the upper and

lower rotor discs, with the upper rotor disc flapping to the starboard side whereas the

lower rotor disc flaps to the port side. The flapping of the rotor discs in opposing

directions effectively cancels out the side force, resulting in a lower value of Yu. This

result suggests that the CCH configuration is likely to have less cross-coupling than a

single main rotor helicopter, a view that is supported by Johnson [38].

The heave damping derivative, Zw, represents the change of rotor thrust following

a perturbation in heave velocity. For a conventional helicopter this value generally

tends to be negative throughout the speed range as a positive perturbation of heave

velocity increases the angle of attack of the rotor disc, which results in greater rotor

thrust [36]. For a conventional helicopter, the value of the heave damping derivative is

dependent on the rotor blade loading - the ratio between the aircraft mass and the disc

area. Figure 5.3 presents the predicted values of Zw for all three aircraft configurations.
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Figure 5.3: Zw Stability Derivative

Concerning the CCH configuration, the estimated value of the Zw in the hover differs

from that of the BL and HCH configurations due to the differences in blade loading.

As the vehicles move into forward flight, the change in main rotor inflow, as well as

the contribution of other aircraft components such as fuselage and empennage begin

to alter the value of Zw. In terms of the two aircraft which feature no source of lift

compounding, the BL and CCH configurations, the Zw derivatives follow a similar trend

across the speed range. The predicted values of Zw for the BL and HCH configurations

are comparable in low speed flight as the two aircraft feature identical rotor systems.

However, after 60kt the stability derivative Zw begins to decrease significantly for the

HCH configuration as the wing begins to contribute to Zw. In high speed flight following

a perturbation of w both the rotor and the wing respond by producing greater lift, hence

lowering the value of Zw.

Two important derivatives in the aircraft’s pitch axis are the Mu and Mw deriva-

tives, commonly referred to as the speed and incidence static stability derivatives. The

estimated speed derivatives of the aircraft configurations are compared in Figure 5.4.

All three aircraft configurations exhibit a stable response with the fuselage of each of

the configurations pitching up thereby decreasing the forward velocity. The perturba-

tion of forward speed increases lift across the advancing side of the rotor disc whereas

it reduces the lift across the retreating side. The flapping response of the rotor disc
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Figure 5.4: Mu Stability Derivative

occurs approximately between 60 - 90° out of phase with the aerodynamic changes,

depending on the structural properties of the rotor blades, hence the forward pertur-

bation has the net effect of tilting the rotor disc backward and pitching the aircraft up.

The magnitude of the Mu derivative for the CCH configuration is greater than that of

the two other configurations, due to its higher rotor hub stiffness. The values of Mu

for the BL and HCH configurations are comparable up to a speed of 50kt. In terms

of the BL configuration, Mu is fairly insensitive to flight speed after 50kt. In contrast,

the HCH configuration’s Mu values begin to reduce in a linear manner as the aircraft

reaches speeds that exceed 50kt. In high speed flight, the wing of the HCH configura-

tion provides a significant lifting force which also generates a powerful pitching moment

as the quarter chord point of the wing is located aft of the centre of mass. As a result,

a positive perturbation of forward speed increases lift and therefore the wing provides

a nose-down pitching moment. At 200kt, Mu is effectively zero as the contribution of

the wing, main rotor and tailplane balance each other.

Figure 5.5 shows variation of the incidence stability derivatives for the helicopter

configurations with flight speed. This derivative, Mw, contributes significantly to the

longitudinal short period modes of the helicopter and the vehicle’s handling quali-

ties [36, 95]. Typically, the tailplane provides a stabilising contribution to the deriva-

tive Mw, in high speed flight, with the perturbation of w producing a negative pitching
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down moment from the tailplane. Therefore the tailplane’s size contributes significantly

to Mw with Blake and Alansky highlighting its importance to the short period modes

and handling qualities of the YUH-61A aircraft [95]. Conversely, the fuselage produces

a nose-up pitching moment following a positive perturbation of w as its aerodynamic

centre generally tends to be ahead of the centre of gravity position [36]. Hence, the

effect of the fuselage on Mw is generally destabilising. For most conventional heli-

copters, the contributions of the fuselage and the tailplane have a tendency to cancel

each other [36], resulting in the main rotor providing the most significant contribution

to Mw. With reference to Figure 5.5, the stability derivative Mw for all three air-

craft configurations is positive throughout the speed range and therefore destabilising.

The values of Mw for the BL and CCH configurations follow the same trend, with the

derivative increasing with flight speed. However, the CCH configuration’s derivative is

greater than the BL configuration’s due to the stiffer hingeless rotor system. In terms

of the HCH configuration, in low speed flight Mw is greater than the BL configuration

due to the greater rotor loading across the HCH configuration’s rotor disc to counteract

the aerodynamic download of the wing. The greater loading causes the rotor disc to

flap backwards, following a perturbation of w, to a greater extent, hence increasing

the value of Mw when compared to the BL configuration. As the HCH configuration

approaches high speed flight, the wing begins to contribute to the stability derivative

Figure 5.5: Mw Stability Derivative
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Mw. In this flight regime, where the wing offloads the main rotor, the wing provides

a stabilising contribution to Mw as the effective wing lift vector is located aft of the

centre of mass. However, the wing’s contribution is still insufficient to ensure that the

pitching moment of the entire vehicle is stabilising following a perturbation of w. For

the two compound helicopters, it may be necessary to include large tailplanes in their

designs to counteract the destabilising values of Mw in high speed flight.

Angular Velocity Derivatives

There are two main components from the main rotor which provide pitching and rolling

moments. These are namely the tilting of the rotor thrust vector and the hub moment

due to the stiffness of the main rotor blades [36]. All three aircraft configurations feature

very stiff rotor blades, which generate powerful pitching and rolling moments from the

main rotor due to the blades’ resistance to the flapping motion, Kββ. Neglecting the

contribution of the tilt of the rotor thrust vector, the pitching moment around the rotor

hub is shown by Padfield [36] to be

Mh = −Nb

2
Ω2Iβ

(
λβ

2 − 1
)
β1c (5.3)

where Iβ is the flapping moment of inertia and β1c is the longitudinal flapping angle.

The symbol λβ
2 represents the flapping frequency of the rotor, and is given by

λβ
2 = 1 +

Kβ

IβΩ2
(5.4)

In a similar manner, the rolling moment arising from the rotor stiffness is

Lh = −Nb

2
Ω2Iβ

(
λβ

2 − 1
)
β1s (5.5)

where β1s is the lateral flapping angle in the non-rotating frame. The flapping deriva-

tives given by Padfield [36], can be used to approximate the stability derivatives Lp

and Mq:

∂β1c

∂q
=
∂β1s

∂p
=

1

Ω(1 + S2
β)

(
Sβ +

16

γ

)
(5.6)

where Sβ is referred to as the stiffness number and given by the expression
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Sβ =
8
(
λ2
β − 1

)
γ

(5.7)

and γ is the classical Lock number. Consequently, approximate expressions representing

the rotor hub derivatives are

Lp ≈ −
NbSβIβΩ

Ixx

(
1 + Sβ

γ

16

)
(5.8)

Mq ≈ −
NbSβIβΩ

Iyy

(
1 + Sβ

γ

16

)
(5.9)

Clearly the structural properties of the rotor blades, which are represented by Sβ, Iβ,

Kβ and λ2
β , have a significant influence on these two stability derivatives presented in

Equations (5.8) - (5.9). It is important to highlight that the CCH configuration features

very stiff rotor blades with a flapping frequency of 1.4 1/rev, which is required to

maintain appropriate flapping clearance between the two rotor discs. Consequently, the

CCH configuration’s stiffness number, Sβ, is greater than the other two vehicles. This

increase in rotor stiffness significantly alters the prediction of the Lp and Mq derivatives.

Figure 5.6 presents the predicted Lp derivatives for all three aircraft configurations. The

BL configuration’s Lp is insensitive to airspeed and is approximately -10 1/s across the

speed range. The result is consistent with the results produced by Padfield [36]. In

contrast, for the two compound helicopter configurations, the stability derivative Lp

is strongly influenced by flight speed. The CCH configuration has the greatest roll

damping in the hover reflected by its higher solidity and greater stiffness number,

which is an inherent quality of the ABC rotor system. The estimated derivative Lp is

fairly constant up to to 120kt and is approximately -17.7 1/s. However, above speeds

of 120kt the the magnitude of roll damping begins to decrease as the main rotor slows

down to avoid adverse compressibility effects in high speed flight. With inspection of

Equation (5.5), it is evident that lower rotorspeeds reduce the amount of roll damping

which is shown in Figure 5.6. In relation to the HCH configuration, Lp is also sensitive

to flight speed although the cause is different from that of the CCH configuration. The

large change of Lp for the HCH configuration across the speed range is due to the

contribution of the wing. As the wing begins to offload the main rotor the stability

derivative Lp decreases significantly, reducing to its lowest value of -17.7 1/s at 200kt.

With a fixed wing aircraft, Lp always tends to be negative and therefore stabilising.

A positive perturbation of roll rate increases the angle of attack across the starboard
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Figure 5.6: Lp Stability Derivative

wing whereas it reduces the angle of attack across the port wing [96]. The net effect

is that the contribution of the wing is stabilising by rolling the aircraft back towards

its initial trim condition. For the HCH configuration, the wing’s contribution to Lp

is added to the main rotor’s natural tendency to provide a stabilising rolling moment

following a perturbation of roll rate, which explains the significant change of Lp across

the speed range.

Figure 5.7 shows the estimated values of the Mq for all three aircraft configurations.

The BL configuration’s pitch damping derivative changes in a linear manner with flight

speed, reaching its lowest value of -2.7 1/s at 140kt. The contribution of the stiffness

of the main rotor to Mq, Equation (5.3), is constant across the speed range. However,

the tailplane at the rear of aircraft configurations influence this stability derivative as

flight speed increases. Due to the significant lever arm from the tailplane’s aerodynamic

centre to the aircraft’s centre of mass position, a perturbation of pitch rate increases

the local angle of attack across the tailplane therefore providing a stabilising pitching

moment contribution to Mq in high speed flight. In terms of the CCH configuration,

its pitch damping derivative is lower than the two other configurations due to its main

rotor design. Recall, that the ABC concept requires very stiff rotor blades with a

flap frequency of approximately 1.4 1/rev to maintain appropriate flapping clearance

between the two rotors. Hence, the CCH configuration’s greater rotor stiffness which is
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Figure 5.7: Mq Stability Derivative

reflected in the stiffness number, Sβ, results in a lower value of Mq which is predicted

by Equation (5.9). Its stability derivative Mq is -3.4 1/s in the hover and gets larger in

magnitude as speed increases due to the contribution of the tailplane.

Another important stability derivative is the yaw damping derivative, Nr. This

derivative represents the yawing moment following a perturbation of yaw rate with

a negative value indicating a stable tendency. The predicted values of the stability

derivatives of Nr for all three aircraft configurations are shown in Figure 5.8. For a

conventional helicopter the contribution to Nr stems mainly from the fin and tail rotor

located at the rear of the aircraft. The presence of the tail rotor in the BL configuration

increases the yaw damping throughout the speed range. The result is that the BL

configuration has greater yaw damping when compared to the compound helicopter

configurations in Figure 5.8. Following a positive perturbation of r, the side force of

the tail rotor increases having the effect of the yawing the aircraft’s nose to the left,

thereby providing a stabilising contribution. In addition, the fin provides a stabilising

contribution as a positive perturbation of r increases the amount of side force the fin

produces. The combination of the fin and the tail rotor provide significant yaw damping

for the BL configuration. In contrast, the two compound helicopter configurations

feature low levels of yaw damping when compared with the BL configuration. The

compound helicopters do not feature a conventional tail rotor as the anti-torque moment
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t!]

Figure 5.8: Nr Stability Derivative

is provided by other aircraft components. Due to the omission of a tail rotor, the fin is

the major contributor to Nr for the two compound helicopter configurations. The result

is that the predicted values ofNr for the HCH and CCH configurations are similar across

the speed range. Although the estimated derivatives for these configurations do exhibit

a stable tendency it may be necessary to increase the size of the fin in a compound

helicopter design. This would naturally increase the stabilising contribution from the

fin following a perturbation in yaw rate. Other options include the implementation of

a stability augmentation system if the designer felt that the relatively low levels of yaw

damping were an issue.

5.4 Control Derivatives

The preceding discussion highlighted some of the important stability derivatives and

how these values changed with the introduction of compounding. The control deriva-

tives are able to present some insight to the response of the vehicles and therefore

answer this question. The control derivatives of conventional helicopters are discussed

by Padfield [36], however it is logical to assume that the introduction of compounding

may alter these derivatives. Additionally, a distinguishing feature of the two compound

helicopter configurations is the need for additional control(s), hence increasing the size
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of the control matrices. This section focuses on some of the new control derivatives

which arise from compounding the helicopter, with the derivatives presented and dis-

cussed.

Figure 5.9 presents the Xθ̄prop
and Xθprop control derivatives which represent the

change of axial force following a perturbation of propeller pitch for the HCH and CCH

configurations, respectively. The introduction of thrust compounding allows the pilot

to increase the vehicle’s propulsive force without excessive pitch attitude changes. As

expected, a positive perturbation of the propeller pitch control increases axial thrust

which is reflected in the positive values shown in Figure 5.9. In low speed flight, the

CCH configuration is trimmed so that its propeller does not produce significant amounts

of thrust as it would increase the power consumption of the vehicle unnecessarily.

Hence, the magnitude of the control derivative Xθprop is at its lowest in low speed flight

and increases with flight speed as the loading across the CCH configuration’s propeller

disc increases to offload the coaxial rotor of its propulsive responsibilities. A similar

situation occurs with the HCH configuration although the two propellers are required to

provide different levels of thrust to maintain yaw trim, in low speed. When comparing

the derivatives of the two compound configurations, Figure 5.9, the HCH configuration’s

derivative is approximately twice the magnitude of the CCH configuration’s. Recall

that the HCH configuration features two propellers compared with the one propeller of

Figure 5.9: Xθ̄prop
and Xθprop

Control Derivatives
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the CCH configuration. This is the reason why there is approximately a factor of two

between the results presented in Figure 5.9.

A distinguishing feature of the three aircraft configurations is the different mech-

anisms which provide the yaw control of the vehicles. The BL configuration uses the

standard helicopter layout with the tail rotor mounted at the rear of the aircraft to

balance the torque of the main rotor. In contrast, the CCH configuration does not

feature a tail rotor as the torque balance is naturally maintained by the upper and

lower rotors rotating in opposite directions. In relation to the HCH configuration, yaw

control is achieved by a differential propeller pitch control. A unit step input of this

control increases the propeller pitch of the starboard propeller by one degree, whereas

it decreases the propeller pitch across the port propeller by one degree. Figure 5.10

presents the change in yawing moment due to a positive perturbation of the yaw control

for each configuration. In terms of the BL and HCH configurations, a positive pertur-

bation of the yaw control has the effect of yawing the vehicle’s nose to the port side,

hence the negative values shown in Figure 5.10. Although the yaw control is achieved

by different mechanisms, the values of Nθdiff
for the BL and HCH configurations are

similar and follow the same trend with flight speed. Concerning the CCH configuration,

in low speed flight, the positive value of Nθdiff
shows that the nose of the aircraft has a

Figure 5.10: Nθ0tr
and Nθdiff

Control Derivatives for the BL, HCH and CCH Configura-

tions
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tendency to yaw to the starboard side following a perturbation of the yaw control. The

upper rotor rotates anti-clockwise, when viewed from above, whereas the lower rotor

rotates in the opposite direction. Hence, a positive perturbation of Nθdiff
has the net

effect of yawing the aircraft’s nose to the right in low speed flight. However, as the

aircraft exceeds 100kt the direction of yaw, following a perturbation of θdiff, reverses.

This clearly is an undesirable characteristic and would degrade handling qualities of

the aircraft, if uncorrected. It is logical to assume that the accurate modelling of the

aerodynamic interaction between the upper and lower rotors becomes critical in deter-

mining this control derivative. In high speed flight, the forward velocity skews the two

rotor wakes backward and a portion of the upper rotor’s wake is not ingested through

the lower rotor [57]. Clearly this is a complex aerodynamic environment and to model

this successfully would require high fidelity modelling techniques. These techniques

would need to be supported with a series of appropriate experimental data to vali-

date the modelling approach. A control input of θdiff increases the torques and thrusts

of both rotors, thereby altering the local aerodynamic environment and changing the

nature of the upper and lower wakes. The current modelling approach does not take

into account these complex aerodynamic interactions, hence in the absence of suitable

validation data the predicted value of Nθdiff
should be treated with a sense of caution.

However, an explanation of why the current modelling strategy predicts this reversal

is given. Recall that in high speed flight, the lift vector of each rotor is shifted to-

wards the advancing sides of the discs. In trimmed flight, the upper and lower rotors

create rolling moments which are equal in magnitude but opposite in direction. The

net result is that the overall rolling moment is balanced. However, following a control

input of θdiff this rolling moment balance is lost, with the upper rotor’s advancing side

generating more lift than the lower rotor’s advancing side. Therefore a perturbation of

this control induces a powerful negative rolling moment. This rolling moment creates a

significant negative roll acceleration around the aircraft’s centre of mass. The equation

which represents the yawing motion of the helicopter is

Ṙ =

(
Ixx − Iyy

Izz

)
PQ+

Ixz

Izz
(Ṗ −QR) +

N

Izz
(5.10)

which shows that a strong roll rate, coupled with a high product of inertia, Ixz, can

alter the yaw rate of the aircraft. To reinforce this conclusion, Figure 5.10 shows the

predicted Nθdiff
values with the vehicle’s product of inertia equal to zero. Throughout

the speed range, a perturbation of Nθdiff
yaws the helicopter’s nose to the right, with no

reversal occurring. Therefore, the use of the lateral lift offset concept with a relatively
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high product of inertia is a possible explanation of why the mathematical model predicts

a reversal of sign for the Nθdiff
derivative in high speed flight.

For the conventional helicopter, cross-coupling appears from various sources and

clearly influences the handling qualities of the vehicle. The previous discussion high-

lighted that with the CCH configuration there is a significant rolling moment produced

due to a positive perturbation of the differential main rotor collective control. Fig-

ure 5.11 shows the predicted values of the control derivative, Lθdiff
, which represents

the CCH configuration. This derivative captures the rolling moment produced due

to a perturbation of the differential main rotor collective control. Clearly, the deriva-

tive is strongly dependent on flight speed, with the value decreasing as the forward

speed increases. As mentioned previously, the CCH configuration uses lateral lift off-

set, via a differential lateral cyclic control, so that the advancing sides of the upper

and lower rotor discs exploit the high local dynamic pressure to provide the required

lifting force. A positive perturbation of θdiff increases blade incidence around the upper

rotor’s disc whereas it has the opposite effect around the lower rotor’s disc. This per-

turbation creates greater lift across the advancing side of the upper rotor. Conversely,

this perturbation reduces the lift produced by the advancing side of the lower rotor

disc with the net effect of the rolling the aircraft to the port side, which is reflected

in Figure 5.11. This characteristic was also observed in the flight tests of the XH-59A

Figure 5.11: Lθdiff
Control Derivatives
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aircraft [97]. Clearly, this is an undesirable feature of the lateral lift offset concept as

it would degrade handling qualities and increase pilot workload if the issue was not

addressed. Potential solutions to this issue are the introduction of a control system as

well as the possibility of “washing out” the differential main rotor collective control by

replacing it with a rudder control in high speed flight.

5.5 Natural Modes of Motion

The reduction of the nonlinear equations of motion to linear form result in a system

matrix of ninth order. The application of small perturbation theory predicts nine nat-

ural modes of motion which are given by eigenvalues which describe the nature of the

mode. For example, if the natural mode of motion is described by a pair of complex

conjugates, then the mode is oscillatory with a certain damping ratio value. In terms of

a fixed wing aircraft, these natural modes of motion are well understood with Cook [96]

providing an overview of these modes. The names of the fixed wing aircraft modes such

as the phugoid and roll subsidence modes, are also used when describing the modes

of a helicopter. However, the nature and source of a fixed wing aircraft’s modes are

entirely different from that of a rotorcraft. Within his book, Padfield compares the

predicted natural modes of motion, determined through simulation, with flight esti-

mates [36]. The flight estimates, determined by the work of AGARD [98, 99], compare

well with the predicted eigenvalues, highlighting the effective nature of mathematical

models. Furthermore, Houston also successfully validated a high order individual rotor

blade model by comparing the predicted natural modes of motion with flight test esti-

mates [100]. Again, with AGARD providing the validation data [101]. It is therefore

evident that simulation models can successfully predict the natural modes of motion.

The next logical step from assessing the salient stability and control derivatives is to

determine the natural modes of motion for all three aircraft configurations. By com-

paring the three sets of results the effects of compounding on the natural of modes can

be determined.

Predicted Stability of the HCH Configuration

Figure 5.12 shows the roll subsidence, pitch subsidence, and Dutch roll modes of both

the BL and HCH configurations. Firstly, consider the roll subsidence mode. The

eigenvalues of the roll subsidence mode are well predicted by the stability derivative,

Lp, shown in Figure 5.6. For the BL configuration, the roll damping does not change
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Roll subsidence Pitch subsidence

Dutch roll

*Roll and Pitch subsidence modes of the BL config

shown slightly off the real axis for clarity*

Figure 5.12: The Dutch roll, Roll Subsidence and Pitch Subsidence Modes of the HCH

and BL Configurations

significantly from hover to 140kt and is dominated by the stiffness of the rotor. However,

the roll damping eigenvalues of the HCH configuration range from -11 1/s in the hover

to -18 1/s at 200kt. As discussed previously, the wing produces a significant portion of

the overall lift of the helicopter in high speed flight. A positive perturbation in roll rate

increases the angle of attack of the starboard wing and decreases the angle of attack

of the port wing [96], thus producing a stabilising rolling moment. This effect also

occurs in the HCH configuration and is now added to the roll damping produced by

the hingeless rotor. The wing’s contribution to Lp increases with flight speed as the

wing loading increases to offload the main rotor. It is important to highlight that this

study is not a design exercise as it is assumed that the BL and HCH configurations

have identical moments of inertia values. In reality, the addition of a wing to the HCH

configuration would, in all probability, increase the moment of inertia about the xb axis,

Ixx, which would lower the magnitudes of the roll damping derivatives for the HCH

configuration. In effect, shifting the roll damping eigenvalues of the HCH configuration

closer towards the imaginary axis. In the context of this study, the main finding is not
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Heave subsidence

Phugoid mode

*Heave subsidence mode of the HCH config
shown slightly off the real axis for clarity*

Figure 5.13: The Phugoid and Heave Modes of the HCH and BL Configurations

the numerical values of Lp as such, but rather the behaviour of the derivative as the

HCH configuration moves into forward flight. The damping of the roll mode increases

as the vehicle moves into forward flight due to the stabilising aerodynamic contribution

of the wing. With the pitch subsidence modes, the estimated eigenvalues of both the

HCH and BL configurations are comparable throughout the speed range, Figure 5.12.

The eigenvalues of the lateral oscillation, the so-called “Dutch roll” are similar for

the two aircraft configurations in low speed flight. For the BL and HCH configurations,

the damping of the Dutch roll mode is insensitive to flight speed with the results

predicting a lightly damped oscillation for each configuration. The only major difference

between the two sets of the results is the estimated frequency for each of the rotorcraft

configurations. The frequencies of the Dutch roll modes at 140kt for the BL and HCH

configurations are estimated to be 3.5 rad/s and 1.7 rad/s, respectively. At this flight

speed the frequency of the BL configuration’s Dutch roll mode is twice than that of the

HCH configuration. The difference in frequencies is due to the omission of a tail rotor

in the HCH configuration’s design.
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λ2
sp 1 ZwMq −Mw (Zq + Ue)

λ1
sp − (Zw +Mq) 0

λ0
sp ZwMq −Mw (Zq + Ue)

Table 5.1: Routh-Hurwitz Stability Criterion of the Short Period Modes

Figure 5.13 shows the phugoid and heave subsidence modes of the HCH and BL

configurations. In the hover, the phugoid modes of the HCH and BL configurations

are similar. However, as speed increases, the mode becomes more stable for the HCH

configuration but with decreasing frequency. The oscillatory nature of the mode is

reduced due to the contribution of Mu, with this derivative tending toward zero above

160kt, Figure 5.4. This is due to the wing providing a pitch down moment following a

perturbation of forward velocity, effectively cancelling the pitch up moment response of

the main rotor. The net effect is that the ratio of the pitching moment due to speed and

pitch rate becomes very small, lessening the oscillatory nature of the phugoid. At 160kt,

the eigenvalues of the phugoid mode cross the imaginary axis, predicting a stable mode.

In high speed flight, the phugoid becomes stable due to the drag damping derivative

Xu. For a conventional helicopter, Xu is always negative, as a perturbation in forward

velocity results in an increase in drag force due to the fuselage and the rotor disc

tilting backward. However, for the HCH configuration, the drag is increased following

a perturbation in forward velocity due to the addition of the two propellers and wing.

A perturbation in forward velocity reduces the blade incidence of the propeller blades,

which creates a sizeable drag force. Additionally, the perturbation of u also increases

the drag of the wing; hence, both contribute to lower the drag damping derivative Xu,

which in turn stabilises the phugoid.

Returning to the short period modes, it was shown that there is little change

between the eigenvalues of the pitch subsidence mode for both the HCH and BL con-

figurations, Figure 5.12. However, the other short period mode, the heave mode as seen

in Figure 5.13, is estimated to become unstable at high speeds. This result can be ex-

plained with the use of a reduced order model of the short period modes. Padfield [36]

approximates the characteristic equation of the short period modes as

λsp
2 − (Zw +Mq)λsp + ZwMq −Mw (Zq + Ue) = 0 (5.11)

Clearly, the eigenvalues of the short-period modes are primarily influenced by the sta-

bility derivatives Zw, Mq, Mw as well as the flight speed. This reduced order model,
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Point of instability

Figure 5.14: Spring Term of Equation (5.11)

Equation (5.11), is valuable and gives a good approximation to the short period eigen-

values. With the use of Equation (5.11), the stability conditions for the short period

modes can be readily obtained by applying the Routh-Hurwitz stability criterion, as

seen in Table 5.1. For the short period modes to be stable, all the values in the mid-

dle column of Table 5.1 are required to be positive. The term − (Zw +Mq) is always

positive, as the vehicle’s lifting force always increases due to a perturbation of normal

velocity and the aircraft’s response to a perturbation of pitch rate is stabilising. It

is the last entry in the middle column, ZwMq −Mw (Zq + Ue), which has the greatest

impact in terms of the stability of the short period modes. The term is required to

be positive, for stability, which depends on the balance of the left and right terms.

Neglecting the contribution of Zq, as Ue >> Zq in high speed flight, the short period

modes are predicted to be stable when ZwMq > MwUe. Figure 5.14 shows the variation

of ZwMq−Mw (Zq + Ue) across the speed range. As the flight speed of 184kt is reached

MwUe becomes greater than ZwMq therefore estimating a point of instability as seen in

Figure 5.14. The result is that the eigenvalues of the heave mode cross the imaginary

axis in high speed flight resulting in an unstable mode, Figure 5.13.

It should be noted that the eigenvalues of the spiral mode for all configurations are

not shown within the presented results, as their eigenvalues are very similar, with the

eigenvalues being small and negative, indicating stability for all the configurations.
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Predicted Stability of the CCH Configuration

Figure 5.15 shows the roll subsidence, pitch subsidence, and Dutch roll modes of both

the BL and CCH configurations. All three of these modes exhibit stability for both

helicopter models. The damping of the roll subsidence mode of the CCH configuration

has increased, slowing the roll response of the aircraft. The reason for this is due

to a combination of the increased number of rotor blades, their stiffnesses, and the

increased distance between the upper rotor’s hub and the centre of gravity. The level

of roll damping is estimated by Lp, and for the CCH configuration ranges between

-16 and -18 1/s across the speed range. Throughout this work the Lp derivative is

presented in semi-normalised form and is therefore scaled by Ixx. It is assumed that

the CCH and BL configurations have the same moment of inertia values. However,

with the design of a coaxial compound helicopter it may transpire that its Ixx value

would be different to that of a conventional helicopter of similar mass. This could

be due to additional blades featured in a coaxial compound configuration or due to a

different fuselage shape. Clearly different values of Ixx would alter the magnitude of

the Lp derivative. Regardless of the CCH configuration’s Ixx value, the main conclusion

from this work is that this type of helicopter will be heavily damped in roll and that

the level of roll damping is likely to change in high speed flight due to the reduction of

rotorspeed to avoid adverse compressibility effects. In terms of the Dutch roll mode,

the main difference is the frequency of the two modes, with the CCH configuration

exhibiting a smaller frequency, at high speeds, due to its empennage design. This can

be seen by using Padfield’s [36] approximation to the Dutch roll mode frequency in

high-speed flight

ωdr ≈ UeNv + Lv

(
g −NpUe

Lp

)
(5.12)

The reduced Dutch roll frequency of the CCH configuration is due to the weathercock

stability derivative Nv. For a conventional helicopter, Nv is generally positive for most

flight speeds, with the tail rotor and fin playing the most prominent roles. Following a

sideslip perturbation, the fin and tail rotor provide a side force that aligns the fuselage

nose with the wind direction, thus providing a stabilising effect. However, for the CCH

configuration, the lack of tail rotor reduces the yawing moment that the helicopter

produces following a sideslip perturbation. The fin and fuselage are now the main

contributors to Nv. The fuselage provides a destabilising moment following a sideslip
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perturbation due to the fuselage’s aerodynamic centre being located forward of the cen-

tre of gravity position. In contrast, the fin’s contribution is always stabilising. However,

without the tail-rotor’s contribution, the predicted Nv values of the CCH configuration

are lower than that of the BL configuration. In forward flight, Equation (5.12) shows

that a negative value of Nv reduces the Dutch roll frequency, which can be seen in

Figure 5.15.

Figure 5.16 shows the phugoid and heave subsidence modes of the BL and CCH

configurations. In the hover, the phugoid mode for both the BL and CCH configu-

rations have similar frequencies, but the CCH configuration’s eigenvalues are shifted

closer to the imaginary axis. As speed increases, the frequency of the phugoid mode

of the CCH configuration begins to decrease, with an unstable oscillation predicted

under 150kt. The two aircraft feature hingeless rotor systems, and this is the primary

reason for the instability [37]. The stiff rotors create large moments about the rotor

hub due to the stiffness of the blades and large effective hinge offset. When the two

helicopters are subject to a perturbation in forward speed, the two rotor systems flap

Roll subsidence Pitch subsidence

Dutch roll

*Roll and Pitch subsidence modes of the BL config

shown slightly off the real axis for clarity*

Figure 5.15: The Dutch roll, Roll Subsidence and Pitch Subsidence Modes of the CCH

and BL Configurations
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Heave subsidence

Phugoid mode

*Heave subsidence mode of the CCH config
shown slightly off the real axis for clarity*

Figure 5.16: The Phugoid and Heave Modes of the CCH and BL Configurations

backward, resulting in the fuselage pitching up. As the fuselage pitches up, the main

rotor provides a pitch down moment, with the stability derivative Mq being negative,

with this oscillatory motion continuing with the amplitude steadily increasing. In the

hover, the phugoid mode of the CCH configuration is close to the imaginary axis, due

to an increase in drag damping. Following a perturbation in forward speed, the blade

incidence of the propeller blades reduce, providing an extra drag force, lowering the

value of Xu, but this is still insufficient to stabilise the phugoid oscillation. At 150kt,

the eigenvalues of the phugoid mode branch off into the real axis and produce two diver-

gent modes. This predicted instability clearly highlights an important flying qualities

issue and it is likely that the flight control system would be configured to improve the

aircraft’s phugoid characteristics. Regarding the heave subsidence mode, there is little

change between the two configurations.
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5.6 Chapter Summary

Chapter 5 has investigated the effect of compounding on the stability of the compound

helicopter configurations. This process began by trimming the respective compound

helicopter configuration and then subsequently reducing the nonlinear equations of

motion to linear form. With the equations of motion reduced to linear form, the

stability and control derivatives were presented highlighting the effects of compounding.

In addition, the predicted natural modes of motion of each aircraft configuration were

presented highlighting the effect of compounding to the damping and frequency of the

modes. The effect of compounding to the stability of the aircraft is as follows:

� The effect of thrust compounding increases the drag damping of the two com-

pound helicopter configurations, which is reflected in the values of Xu. The HCH

configuration has the greatest magnitude of drag damping, which is reflected in

the values of Xu, as it features two propellers and a wing, both of which increase

the level of drag following a perturbation of forward velocity.

� In relation to the speed stability derivative Mu, for each of the configurations the

derivative is at its highest in the hover. For the BL and CCH configurations, this

derivative decreases with flight speed and is fairly constant after 60kt. With the

HCH configuration, Mu begins to reduce in a linear manner after 60kt due to

the effect of lift compounding. The wing, which is situated behind the aircraft’s

centre of mass, provides a pitch-down moment following a perturbation of forward

velocity. At high speeds, the contribution of the wing and the main rotor cancel

each other out with the derivative almost equal to zero at 200kt.

� For all three aircraft configurations, the angle of attack stability derivative Mw

is predicted to be unstable throughout the speed range. For the BL and CCH

configurations, the contribution of the main rotors to this derivative is most sig-

nificant with the two rotor systems flapping backwards following a perturbation

of normal velocity. For the CCH configuration, Mw is greater than the values

predicted for the BL configuration due to the greater rotor stiffness number. In

terms of the HCH configuration, the effect of the wing provides a stabilising con-

tribution to Mw. However, its contribution is still insufficient to stabilise Mw as

the aircraft pitches upwards following a perturbation of w due to the powerful

effect of the main rotor flapping backwards.
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� The addition of lift compounding, as featured in the HCH configuration, increases

the magnitude of roll damping as speed increases. This is due to the wing’s natural

tendency to provide a stabilising contribution to Lp. With the CCH configuration,

Lp is fairly constant up to 120kt but the magnitude of roll damping begins to

lower due to the reduction of rotorspeed to avoid adverse compressibility effects.

� As expected, the control derivatives of Xθ̄prop
and Xθprop which correspond to

the HCH and CCH configurations respectively, are positive throughout the speed

range highlighting the increase of axial thrust following a perturbation to the

propeller’s control. These two control derivatives also increase with speed due to

the higher propeller thrusts in high speed flight to offload the main rotors of their

propulsive duties.

� The main differences between the HCH and BL modes of motion were the phugoid

and roll subsidence modes. In high speed flight, the phugoid becomes stable for

the HCH configuration due to the increase in drag damping, which is represented

by a reduced value of Xu. In addition, the wing provides a pitch-down moment

following a perturbation in angle of attack since its quarter chord position is

slightly behind the centre of mass. This effect reduces the frequency of the oscil-

lation. Therefore, the positioning of the wing can strongly influence the phugoid

mode of the helicopter. In terms of the roll subsidence mode, the damping of

the mode increases with flight speed due to the additional roll damping the wing

provides.

� The main differences between the natural modes of motion of the CCH and BL

configurations are the Dutch roll and roll subsidence modes. The frequency of

the Dutch roll mode is less than that of the BL configuration’s mode due to the

lack of tail rotor, reducing the side force, following a sideslip perturbation. The

differences between the roll subsidence modes are primarily due to the design of

the main rotor systems. The increased number of rotor blades, their respective

stiffnesses, and the increased distance between the upper rotor’s hub to the centre-

of-gravity position all contribute to increasing the roll damping, relative to the

BL configuration.
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Manoeuvrability Assessment of

Compound Helicopter

Configurations

The previous chapters have investigated the effects of compounding to the trim, per-

formance and stability results of the compound helicopter. One additional perceived

benefit of compounding is the possibility of increasing the manoeuvrability of the vehi-

cle. For example, it is possible that the addition of lift compounding to the design will

allow a winged helicopter to achieve greater load factors than its conventional counter-

part. To determine the influence of compounding to the manoeuvrability of this aircraft

class, this Chapter continues with the theme of using the two compound helicopters,

which were developed in Chapter 3, to assess the contribution of compounding to the

manoeuvrability of the vehicle. The Chapter begins by discussing the relevant litera-

ture and then explaining the approach to assess the manoeuvrability of the compound

helicopter configurations. The Chapter concludes by presenting the manoeuvrability

results and main findings from the work.

6.1 Introduction

The success of the conventional helicopter is partly due to its unique ability to per-

form precise manoeuvres in Nap of the Earth (NoE) flight. One method of assessing

the helicopter’s ability to perform manoeuvres is inverse simulation. Inverse simula-

tion reverses the conventional simulation approach by calculating the control activity

required to force a vehicle along a particular trajectory [102]. The first inverse sim-
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ulation algorithm, known as the differentiation method, was developed by Thomson

and Bradley [103], to assess the agility of a six degree of freedom (DOF) rotorcraft

model. The success of the inverse simulation results, as well as the increasing interest

in handling qualities and pilot workload research, prompted further development of the

algorithm. Subsequently, inverse simulation has been used for various applications, in-

cluding investigating pilot control strategies, conceptual design analyses and handling

qualities [104–107]. Despite the success of the differentiation method, there were some

problems which consequently led to a new approach to inverse simulation. The major

limitation of the differentiation method was that the mathematical model and the algo-

rithm were strongly coupled, therefore even slight changes to the mathematical model

required alterations to the algorithm itself. Realising this shortcoming, Hess, Goa and

Wang developed a generalised technique of inverse simulation [108], often referred to as

the integration method, which fully separates the mathematical model from the algo-

rithm. Due to the robust and flexible nature of this technique, the integration method

has become the most common approach [109].

Before proceeding, other methods of solving the inverse problem should be noted.

Firstly, is the two time-scale method which was developed by Avanzini, de Matteis

and de Socio [110, 111]. This method assumes that the rotational dynamics of an

aircraft are much quicker than the translational dynamics, therefore permitting the

assumption that the main rotor collective controls the translational dynamics whereas

the cyclic and pedals influence the rotational dynamics. This method, similar to the

other methods, use iterative schemes, such as the Newton-Raphson method, in order

to solve the inverse problem. However, the Newton-Raphson method can be replaced

with an optimisation algorithm to calculate the control angles, with Celi and de Matteis

et al. [112, 113] successfully implementing optimisation algorithms in their respective

approaches. The optimisation approach to inverse simulation is particularly useful to

problems featuring control redundancy, however an appropriate cost function must be

formed. Another method which could be used to calculate the appropriate control time

histories is an inverse method using Adaptive Neural Networks (ANN). This approach

has been used successfully in various rotorcraft control studies [114–119]. With this

approach, the control action that is required is calculated by dynamic model inversion,

which has proven to be a popular feedback linearisation technique [120]. However, the

major disadvantage of this technique is the significant errors that occur between the

predicted and actual response of the aircraft due to inaccuracies within the plant model.

As neural networks have the ability to accurately predict nonlinear functions [121], ANN

can be used to atone for these errors. Although dynamic inversion techniques using
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ANN have considerable merit, the integration method of inverse simulation is used

within this study due to its robust and flexible nature.

Manoeuvrability is an important design feature if the helicopter is to operate in

tight Nap of the Earth (NoE) scenarios [122]. The ability of the helicopter to ma-

noeuvre quickly and effectively enables the vehicle to quickly re-position. Furthermore,

enhancing the manoeuvrability and agility of a helicopter can also aid its survivability

with its ability to quickly turn or climb to avoid an attack. Traditionally, the design

process has focused on performance and cost to drive the design of the helicopter. How-

ever, for the reasons previously stated, a high level of manoeuvrability has become a

key design goal for most designers as it increases mission effectiveness [123]. As there

is a demand for conventional helicopters to be manoeuvrable, it is reasonable to postu-

late that operators would expect the same for a compound helicopter. Therefore, this

Chapter presents a manoeuvrability assessment method which is capable of quantifying

the manoeuvrability of compound helicopter configurations.

Before continuing it is important to highlight that there are various definitions of

the term manoeuvrability. Therefore it is necessary to define what is meant by manoeu-

vrability in this current work. Generally, most authors agree that manoeuvrability is

the ability of the aircraft to change its flight path [122, 124] with Whalley [125] provid-

ing an overview of the various definitions proposed by authors. Whalley also concludes

by stating his definition of manoeuvrability, which is the following

“Manoeuvrability is the measure of the maximum achievable time-rate-

of-change of velocity vector at any point in the flight envelope.”

The aim of this current Chapter is to determine the maximum manoeuvring capabil-

ity of three aircraft configurations, namely a conventional helicopter configuration and

two compound helicopter configurations. Then to subsequently investigate if the com-

pounding of the conventional helicopter offers an advantage in this regard. Hence, in

this context, the term “manoeuvrability” and phrase “maximum manoeuvring capa-

bility” are used interchangeably throughout the remainder of this Chapter. Although

not the primary aim the study, due to the use of inverse simulation the results from

the work are likely to highlight some of the potential control actions that a pilot may

use to fly a compound helicopter along a predetermined flight path. This Chapter con-

tinues with the theme of the previous chapters by using the two compound helicopters

developed in Chapter 3. The Chapter compares the results to a conventional helicopter

therefore isolating the broad effects of compounding to the helicopter. The approach
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in this work is to use inverse simulation to quantify the manoeuvrability of the aircraft

configurations. This requires various elements such as helicopter mathematical models,

an inverse simulation algorithm, models which represent typical helicopter manoeuvres

and a manoeuvrability assessment method. The following section provides an overview

of these required components.

6.2 Integration Method

Overview of the Integration Method

The inverse simulation algorithm used in this current study is the so called integration

method. The integration method is explained widely within the literature by various

authors [108, 109, 126], therefore only a brief description is provided within, with Fig-

ure 6.1 supporting the discussion. The integration method uses numerical integration

and conventional simulation to calculate the controls required to move a vehicle through

a desired trajectory. The first step is to calculate the control angles that trim the air-

craft for the given starting flight speed. Generally, a helicopter can be in trimmed

flight when climbing, descending or flying with a lateral velocity (sideslip). However,

for this particular application the trimmed state corresponds to the condition whereby

the aircraft is in steady level flight with the body accelerations and the attitude rates

equal to zero. The next step, after the trim control angles have been calculated, is to

define the manoeuvre. The manoeuvre is discretised into a series of time points, tk, by

specifying the time step and calculating the number of time points. Subsequently, the

manoeuvre can be determined with matrix, ydes(tk) representing the flight path of the

manoeuvre. The manoeuvre can be defined by polynomials that satisfy the require-

ments of the particular manoeuvre [127], with the mathematical modelling of these

manoeuvres detailed later on. Starting from the trimmed condition, ue is the initial

guess to calculate the control vector, u, to force the helicopter to the position of the

next time point. The current time point is represented by k, whereas m corresponds

to the iteration number at a given time point. Therefore the general equation that

describes the aircraft’s state at a given time point or iteration number is

ẋ(tk)m = f(x(tk),u(tk)m) (6.1)

The integration of Equation (6.1) calculates the state vector at the next time point.

Commonly, a Runge-Kutta 4th order integration technique is used, which leads to an
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Calculate the trim controls, ue

Specify the size of time points, ∆t

Calculate the number of points, npoints

Define the manoeuvre, ydes

k = 1

m = 1

ẋ(tk)m = f(x(tk),u(tk)m)

x(tk+1)m = x(tk) +
∫ tk+1

tk
ẋ(tk)mdt

y(tk+1)m = g(x(tk+1)m,u(tk)m)

e(tk+1)m = y(tk+1)m − ydes(tk+1)m

Is |e(tk+1)m| < tol?

Is k = npoints? Completed

Jm =
∂e(tk+1)m
∂u(tk)m

uerror = J-1
me(tk+1)m

u(tk)m+1 = u(tk)m − uerror(tk)m

m = m + 1

k = k + 1

no

no

yes

yes

Figure 6.1: Flowchart Describing the Integration Method, Reproduced from [126]
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estimate of x(tk+1) by

x(tk+1)m = x(tk) +

∫ tk+1

tk

ẋ(tk)mdt (6.2)

With the calculation of x(tk+1)m, by Equation (6.2), the output vector can be deter-

mined with

y(tk+1)m = g(x(tk+1)m,u(tk)m) (6.3)

where g is a vector function relating the aircraft’s state and controls to the required

output vector. The expression, Equation (6.3), can then determine an error function

such that

|e(tk+1)m| = y(tk+1)m − ydes(tk+1)m (6.4)

A solution of the controls is reached when the error function is less than a predefined

tolerance. If this transpires to be the case then the algorithm moves onto the next

point. However, if the error function is greater than the tolerance then a new guess of

the control vector, as shown by Hess, Gao and Wang [108], is made using the Newton-

Raphson technique

u(tk)m + 1 = u(tk)m − J-1
me(tk+1) (6.5)

where, J is the Jacobian matrix describing the rate of change of the output vector with

the control vector. If the number of controls, ncon, and number of error functions, nerr,

are equal then the Jacobian is a square matrix of size ncon × nerr. The entries of the

Jacobian matrix are given by ji,j, where the subscripts i and k indicate the error and

control numbers of the matrix,. The Jacobian is therefore

J =

 j1,1(tk) . . . j1,ncon(tk)
...

. . .
...

jnerr,1(tk) . . . jnerr,ncon(tk)

 (6.6)

where, an entry of the matrix is given by
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ji,j(tk)m =
∂ei(tk+1)m
∂uj(tk)m

(6.7)

A numerical method is used to calculate the partial derivatives as Equation (6.7) is

typically not amenable to analytical differentiation. Therefore, the Jacobian entries

are determined through central differencing, which is slightly different to the backward

difference approach discussed in an another inverse simulation study [128], so that a

given entry is

ji,j(tk)m =
ei (tk + 1, (uj(tk) + ∆uj(tk)))m − ei (tk + 1, (uj(tk)−∆uj(tk)))m

2∆uj(tk)m
(6.8)

Once the Jacobian matrix is calculated and the Newton-Raphson technique is applied,

then typically there are only a few iterations required to converge towards a solution at

each time point. Once a solution is found for the first time point, the algorithm moves

onto the next time and calculates the control action required to satisfy Equation (6.4).

The end result is the calculation of the control activity throughout the manoeuvre.

Features of the Integration Method

The Integration Method has proven to an effective tool in the area of flight dynamics

and has been particularly suited to helicopter analyses as they are required to perform

precision manoeuvres frequently [102]. However, a natural question that arises is does

the inverse simulation algorithm (integration method in this case) compare well with

flight test results? Inverse simulation has shown to compare favourably with flight test

manoeuvres [102, 126], indicating that it is a useful tool. Despite its successes, it is

important to highlight some of the features of the inverse simulation algorithm, in its

current form. The current integration method does not have a pilot model. Conse-

quently, the integration method calculates the control activity to force the helicopter

along a pre-determined flight path, precisely. In reality, a human pilot will not be able

to follow the flight path with such precision. The pilot is likely to overshoot or under-

shoot the desired position and there will be an inevitable error between the required

and actual flight path position [125]. In addition, the current inverse simulation algo-

rithm does not faithfully model the pilot’s lag between sensing an error and generating

an appropriate control input to compensate. This type of lag is sometimes referred to

as a “neuromuscular lag” [107]. Modelling this type of human behaviour would require
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a pilot model [107]. However, as the work does not focus on handling qualities a pilot

model is not required.

Due to the level of modelling featured in this study it is assumed that the move-

ment of the pilot’s controls has an instant effect on that aircraft component. For

example, when there is a change of collective angle then there is an instantaneous

change of rotor thrust. The level of modelling does not take into account the dynamic,

or time-dependent, behaviour of rotor inflow. Another example, is that an application

of propeller pitch immediately increases the propulsive thrust of the propeller. In re-

ality, it takes time for the control signal to reach the appropriate actuator and then

the propeller blade pitch changes. Within perhaps 0.1s, the blade pitch changes and

the airflow through the propeller disc accelerates as a consequence. These types of

time delays, between the control input and the aircraft component reaching its desired

response, are not modelled in the current work. Although transport delays and actu-

ator lags are important in terms of handling qualities, the assumption made in this

work is that they these delays are not significant in the context of a manoeuvrability

investigation.

6.3 Manoeuvre Modelling

Of course, to successfully implement inverse simulation, the trajectory the aircraft is to

follow is required. In the early inverse simulation algorithms, the output vector ydes ,

which describes the trajectory, was defined as follows:

ydes =
[
xe ye ze Ψ or β

]T
(6.9)

where xe, ye and ze are the flight path co-ordinates and the additional constraint is

either the heading or sideslip angle. As previously stated, the integration method is a

flexible and robust approach to solve the inverse problem. However, the development

of this approach provided new numerical instabilities, such as the control activity fea-

turing “low-amplitude, high frequency oscillations superimposed on the low frequency

waveform” as discussed by Hess, Gao and Wang [108]. Originally, the desired output

vector was composed of the flight path co-ordinates with an additional constraint, ei-

ther the heading or sideslip angles, as seen in Equation (6.9). However, Rutherford
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Figure 6.2: Trajectory Angles related to the Earth Axes

and Thomson showed that altering the output vector to be compose of inertial acceler-

ations removed the high frequency oscillations of the control activity [126]. Therefore,

modifying the output vector to the following

ydes =
[
ẍe ÿe z̈e Ψ̇ or β̇

]T
(6.10)

was shown to attenuate these oscillations [43]. Consequently, in this current work the

output vector consists of the aircraft accelerations and heading or sideslip rate. The

accelerations are determined by the differentiation of the velocities in Earth axes. The

velocities, in Earth Axes, are conveniently described by the trajectory angles (glideslope

and track angles) as seen in Figure 6.2. The velocities, are therefore given by

ẋ = V cos γ cosχ (6.11)

ẏ = V cos γ sinχ (6.12)

ż = −V sin γ (6.13)

leading to the following accelerations
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ẍ = V̇ cos γ cosχ− V γ̇ sin γ cosχ− V χ̇ cos γ sinχ (6.14)

ÿ = V̇ cos γ sinχ− V γ̇ sin γ sinχ+ V χ̇ cos γ cosχ (6.15)

z̈ = −V̇ sin γ − V γ̇ cos γ (6.16)

Therefore if γ, χ and V are all defined and their time derivatives calculated, then the

accelerations can be determined, hence forming the output vector.

Selection of Manoeuvres

In theory, inverse simulation can be used to calculate the control activity required to

fly any manoeuvre, with the assumption that an appropriate output vector, Equa-

tion (6.10), can be formed. There are a wide selection of manoeuvres which helicopters

are required to perform routinely. However, as this is a study to examine the effects of

compounding it seems necessary to restrict the analysis to certain manoeuvres where

the addition of compounding is likely to have a significant influence. Conveniently,

manoeuvres which represent real mission tasks [129], or so-called mission-task-elements

(MTEs), are listed in the handling qualities performance standard of ADS-33 [130].

These are typical tasks which helicopters are required to perform safely, effectively and

on a regular basis. Therefore, it seems prudent to select a manoeuvre from this library

of MTEs. An additional benefit of selecting a manoeuvre based on a MTE is that it

is likely that the mission-oriented framework of ADS-33 will be used to determine the

handling qualities of compound helicopters. Therefore, in further studies, this current

work could be taken further to assess the handling qualities of compound helicopters.

The last factor in the selection of manoeuvres is the fidelity of the helicopter mathemat-

ical model. As discussed in Chapter 2, the current level of modelling is not suitable for

flight regimes where the main rotor aerodynamics become highly nonlinear due to com-

pressibility and reverse flow effects. Hence, the selected manoeuvres should begin and

end when the helicopter is operating well within its Operational Flight Envelope (OFE).

As a consequence, the modelling assumptions prohibit a manoeuvrability assessment

of the compound helicopter at the edge of its perceived flight envelope. However, it is

equally important to quantify the manoeuvrability of the compound helicopter in typ-

ical conventional helicopter flight regimes where the helicopter will spend a significant

time operating.

To satisfy the these conditions, the manoeuvres selected are the Pullup-Pushover

and the Accel-Decel manoeuvres which are described in the ADS-33 specification [130].
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The main aim of the Pullup-Pushover manoeuvre is to test the aircraft’s ability to

avoid obstacles at flight speeds of 120 kt [130]. It is reasonable to expect that the

addition of lift compounding would allow the aircraft to sustain greater load factors

than a conventional helicopter. The addition of thrust compounding could also aid

the manoeuvrability of the compound helicopter as the propeller(s) divorce the main

rotor of its propulsive responsibilities. This manoeuvre satisfies the selection criteria,

as outlined above, and therefore warrants an in-depth examination. The Accel-Decel

manoeuvre is another well established manoeuvre in the ADS-33 specification which

is used to test the pitch and heave handling qualities of a rotorcraft [130]. One un-

desirable effect of the conventional helicopter, is the large pitch excursions required to

accelerate the aircraft. As the main rotor is the sole source of propulsion for a conven-

tional helicopter, the rotor is required to tilt forward so that a component of the rotor

thrust vector provides a propulsive force. This tilt of the main rotor also comes with

the penalty of pitching the aircraft’s nose down. However, the introduction of thrust

compounding offers the potential of reducing the pitch excursion, as the propeller can

provide the required propulsive force. As a consequence, the Accel-Decel manoeuvre

is selected to investigate the influence of thrust compounding to the compound heli-

copter’s manoeuvrability. The Accel-Decel begins in the hover and is therefore well

within the region where realistic results can be expected.

Although only two manoeuvres are considered in this Thesis, it is possible that this

work could be extended to investigate the manoeuvrability of compound helicopters in

high speed manoeuvres. The natural consequence of compounding the helicopter is the

expansion of the flight envelope, exposing the helicopter to unfamiliar flight conditions.

Consequently, the compound helicopter will be able to perform high speed level turns

or high-speed pull ups. These types of manoeuvres should be considered in future

studies. An investigation of these types of manoeuvres would need to be supported by

a high fidelity rotor model which is capable of modelling nonlinear aerodynamics such as

retreating blade stall and compressibility effects. Lateral-directional manoeuvres, such

as the slalom, could also be considered in future studies. The addition of propeller(s)

to the helicopter’s airframe will generate gyroscopic moments when the helicopter is

pitching, rolling or turning. These moments could degrade the handling qualities of

the vehicle and this type of study could provide some interesting results. Another issue

is that compound helicopters typically do not have a conventional tail-rotor, meaning

that the yaw control of the vehicle is provided by some other mechanism. Therefore,

a manoeuvre like the slalom could potentially be used to compare the effectiveness of

the devices which are used for yaw control.
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ADS-33 Pullup-Pushover Manoeuvre

The Pullup-Pushover manoeuvre involves the aircraft achieving positive and negative

load factors. The aircraft begins the manoeuvre at a trimmed condition at a flight

speed equal to or less than 120 kt. The aircraft is required to achieve a sustained

positive load factor in the pull up stage of the manoeuvre. Following this the aircraft

is then to transition to a push over and achieve a negative load factor, then to recover

to level flight as quickly as possible. The normal load factor is defined as

nz = 1− z̈

g
(6.17)

whereas the rearrangement of Equation (6.13) gives the standard definition of the glides-

lope angle

γ = − sin−1 ż

V
(6.18)

The time derivative of the glideslope angle is therefore

γ̇ =
−V̇ sin γ − z̈
V cos γ

(6.19)

Through the use of Equations (6.17) and (6.19), the time derivative of the glideslope

angle can be expressed in terms of the normal load factor and flight speed

γ̇ =
−
(
V̇ sin γ + g − gnz

)
V cos γ

(6.20)

The next step is to define the load factor distribution throughout the manoeuvre

by applying manoeuvre boundary conditions. The ADS-33 document specifies the load

factors to be attained throughout the manoeuvre [130]. To meet the desired standards

of this manoeuvre, the maximum positive load factor must be attained after 1s of

commencing the manoeuvre and sustained for a further 2s. Thereafter, the helicopter

transitions from the positive load factor to the lowest load factor within 2s, and main-

tains this load factor for a further 2s. Figure 6.3 shows a typical load factor distribution

which relates to the desirable standards set in the specification. The specification does
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Table 6.1: Load Factor Boundary Conditions

Variable t0 = 0s t = t1 t = t2 t = t3 t = t4 t = t5 t = t6

nz 1 nmax nmax nmin nmin 1 1

ṅz 0 0 0 0 0 0 0

n̈z 0 0 0 0 0 0 0

not explicitly define an end time of the manoeuvre, a point raised by Celi [131], but

does state that after the push over stage of the manoeuvre the aircraft should “recover

to level flight as rapidly as possible”. The assumption in this current work is that the

manoeuvre ends when the aircraft’s original flight speed is recovered at t = t5 with the

normal load factor returning to unity and sustained at this value for a further 2s until

t = t6. The approach taken to form the load factor distribution across the manoeuvre

is to split the manoeuvre into six sections and apply manoeuvre boundary conditions,

as seen in Table 6.1, between each of the manoeuvre segments. In each of the six seg-

ments, a fifth-order polynomial is formed to describe the load factor distribution. The

Equations describing the variation of normal load factors throughout the manoeuvre

are:

Figure 6.3: Desirable Load Factor throughout the Pullup-Pushover manoeuvre.
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nz = a0t
5 + a1t

4 + a2t
3 + a3t

2 + a4t+ a5 0 < t < t1 (6.21)

nz = nmax t1 < t < t2 (6.22)

nz = b0t
5 + b1t

4 + b2t
3 + b3t

2 + b4t+ b5 t2 < t < t3 (6.23)

nz = nmin t3 < t < t4 (6.24)

nz = c0t
5 + c1t

4 + c2t
3 + c3t

2 + c4t+ c5 t4 < t < t5 (6.25)

nz = 1 t5 < t < t6 (6.26)

where the coefficients in Equations (6.21), (6.23) and (6.25) are determined by applying

the boundary conditions between the start and end time of that manoeuvre segment,

so that the normal load factor distribution in this portion of the manoeuvre is known.

The end result is that there are six fifth-order piecewise polynomials, Equations (6.21) -

(6.26), which describe the load factor distribution across the manoeuvre. These six

polynomials are then pieced together so that the load factor distribution across the

manoeuvre is known.

The next issue is to determine the variation of flight speed throughout the manoeu-

vre. One solution to this is to impose a predetermined profile of flight speed throughout

the manoeuvre, however there is very little information regarding the variation of air-

speed throughout this manoeuvre. The approach taken in this present work, in order

to determine a flight speed profile, is to assume that there is a balance of potential

and kinetic energy during the manoeuvre. For example, when the aircraft climbs there

is a gain in potential energy which is balanced by a loss of kinetic energy. This is

mathematically stated as

1

2
mV 2 = mgz (6.27)

and when differentiated with respect to time leads to

mV V̇ = mgż (6.28)

Recalling that ż = −V sin γ, leads to the following equation

V̇ = −g sin γ (6.29)
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Equation (6.29) describes the variation of airspeed throughout the manoeuvre. The

result is that as the aircraft climbs, airspeed reduces whereas as the vehicle descends

then airspeed increases. There are now two differential equations, Equations (6.20)

and (6.29), which can be integrated to determine the flight velocity and climb angle

throughout the manoeuvre, using the initial trimmed conditions. The track angle, χ,

is set to zero since it is a longitudinal manoeuvre. Using the calculated values of V ,

V̇ , γ and γ̇ the accelerations in the Earth axes set can be determined. Recall that the

time derivative of the heading angle, Ψ̇, is constrained throughout the manoeuvre and

set to zero.

The inputs to inverse simulation are the parameters which define the flight path

whereas the outputs are the vehicle’s controls. As previously discussed, the flight path

vector, ydes, is composed of the accelerations of ẍe, ÿe and z̈e relative to the Earth

axes set. Generally speaking, the number of inputs must match the number of outputs

to find a unique solution. Therefore, since the conventional helicopter features four

controls then the condition of zero heading or sideslip is included so that the output

vector contains four elements. However, the extra control(s) of the compound helicopter

configurations presents an issue when attempting to calculate a unique solution of

the control vector at each time point. Firstly, consider the HCH configuration which

features five controls. One solution is to include an additional constraint in the output

vector to match the five controls of the compound helicopter configuration. In terms

of the Pullup-Pushover manoeuvre, the extra constraint is selected to be the time

derivative of the fuselage angle of attack, α̇fus. An alternative approach could have been

to schedule a control such as θ1s throughout the manoeuvre. However, the justification

of the inclusion of the additional constraint, α̇fus, is to ensure that the pilot adopts a

control strategy which attempts to exploit the lifting capability of the wing in the pull

up stage of the manoeuvre. It is found by experimenting with the simulation results

that this approach of including α̇fus as an additional constraint, and appropriately

scheduling this value over the duration of the manoeuvre, results in the wing’s angle of

attack increasing and decreasing in the respective pull up and push over stages of the

manoeuvre. Figure 6.4 shows the distribution of the fuselage angle of attack, starting at

its trim value of αe before increasing to a value of 7° at 1s. After 1s, the fuselage angle

of attack continues to increase, reaching a maximum value of approximately 17.5°. This

increase of the fuselage angle of attack in the pull up stage of the manoeuvre increases

the wing’s angle of attack, helping the vehicle attain a positive load factor. Similarly

in the push over stage of the manoeuvre the wing helps create a negative load factor.

The fuselage angle of attack variation is described by a series of piece-wise fifth order
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Figure 6.4: Fuselage Angle of Attack Variation throughout the Pullup-Pushover manoeu-

vre.

polynomials, similar in form to Equations (6.21) - (6.26), therefore the angle of attack

time derivative, α̇fus, is easily obtained through differentiation.

The previous discussion explained all the appropriate manoeuvre constraints to

calculate the control action of the HCH configuration. As the CCH configuration fea-

tures six controls then similar amendments to the flight path vector, ydes, are required

to determine the vehicle’s control action. It is worth stating again, that the number of

constraints must equal the number of controls so that the inverse simulation algorithm

can determine the aircraft’s control activity. The output vector, ydes, for all three

aircraft configurations is composed of the accelerations of ẍe, ÿe and z̈e as well as the

condition of zero heading rate. Clearly, two additional constraints are required, if the

inverse simulation algorithm is to calculate all of the six unknown controls of the CCH

configuration. Like the HCH configuration, one option is to prescribe the vehicle’s fuse-

lage angle of attack throughout the manoeuvre. The motivation for this approach was

to utilise the wing’s lifting capability in this particular aircraft arrangement. However,

since the CCH configuration does not feature lift compounding, it is unlikely that a

pilot would adopt a control strategy to maintain the required fuselage angle of attack.

However, it is likely that a pilot would fly the manoeuvre in a manner which exploits

the addition of thrust compounding. As a consequence, it is decided to schedule the
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Figure 6.5: Propeller Pitch Variation throughout the Pullup-Pushover manoeuvre.

propeller pitch setting throughout the manoeuvre, which loosely resembles the load

factor distribution. This approach ensures that the pilot uses the propeller to help

achieve the required normal load factors. As a result, the number of unknown controls

reduces to 5, as the propeller pitch setting is predetermined. The assumed variation of

the propeller pitch setting is shown in Figure 6.5.

Another issue with the CCH configuration is how the differential lateral cyclic con-

trol, θ1cdiff
, is used throughout the Pullup-Pushover manoeuvre. The use of differential

lateral cyclic control promotes greater loading across the advancing sides of the rotor

discs thereby offloading the retreating side of the discs. The manoeuvrability limit of

the Pullup-Pushover manoeuvre is generally blade stalling, therefore it is likely that

the lifting duties of the coaxial rotor would be shifted towards the advancing sides of

the discs to delay the onset of retreating blade stall. To ensure that the CCH con-

figuration is flown in this manner the lateral offset value, which is an input into the

inverse simulation algorithm, is scheduled to vary with time as shown in Figure 6.6.

In this manoeuvre, the LOS value begins at 0.09 (the value at the trimmed condition

of 120 kt), then increases to 0.2 at 3s, where the manoeuvrability limit is expected to

be reached. The choice of the maximum LOS value is chosen to offload the retreat-

ing side of the rotor discs but without the value being excessive. For example, Yeo

and Johnson investigated LOS values up to 0.6, in their investigation of the lateral lift
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Figure 6.6: Lateral Offset Value (LOS) Variation throughout the Pullup-Pushover ma-

noeuvre.

offset concept [80]. However, at these values of lateral lift offset the flapwise bending

moment increases significantly [80]. Modelling high values of lateral lift offset, within

the region of 0.6, would require a comprehensive rotorcraft modelling package which

takes into account structural bending. This type of modelling would also have to be

supported by detailed structural data of the rotor blades. Taking this into account, it

seems appropriate to limit the lateral lift offset value to 0.2 in this manoeuvre, so that

the lifting capability of the advancing side of the discs is exploited but within a region

where the results can be considered valid. Returning to Figure 6.6, note that after the

LOS reaches its maximum value of 0.2 it drops to 0.01 before returning to trim value

of 0.09 at the end of the manoeuvre.

ADS-33 Accel-Decel Manoeuvre

The ADS-33 Accel-Decel manoeuvre starts with the aircraft in the stabilised hover with

the aircraft accelerating to a flight velocity of 50 kt before aggressively decelerating back

to a stabilised hover. The objective of this manoeuvre is to examine the pitch and heave

axis handling qualities. Similar to that of the Pullup-Pushover manoeuvre the track

angle and Ψ̇ are set to zero throughout the manoeuvre. It is assumed that the maximum

forward velocity of the aircraft is reached at the at half-way point of the manoeuvre.
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In addition, the manoeuvre is completed when the helicopter returns to the hover. In

total there are five boundary conditions of this manoeuvre which are given in Table 6.2.

As a result, a fourth-order polynomial can be formed to describe the flight velocity

V (t) = d0t
4 + d1t

3 + d2t
2 + d3t+ d4 (6.30)

According to the ADS-33 specification the altitude is to be held constant throughout

the manoeuvre [130]. As a consequence, ż = z̈ = 0 throughout the manoeuvre. Also

recall that the heading rate, Ψ̇, is held constant during the task. The end result is

that the forward flight speed is given by ẋ = V (t) where ẍ is readily obtained by the

differentiation of Equation (6.30). The manoeuvre is defined by specifying the total

manoeuvre time (or distance to be travelled) and the maximum flight speed, hence

defining the output vector, ydes.

Variable t = 0s t = tend/2 t = tend

V 0 50 kts 0

V̇ 0 - 0

Table 6.2: Accel Decel Boundary Conditions

The approach taken to calculate the control activity of the compound helicopter

configurations throughout the Accel-Decel manoeuvre is to ensure that the number of

manoeuvre constraints is equal to the number of controls. A logical question which

arises with the compound helicopter configurations, flying an Accel-Decel manoeuvre,

is how much of the propulsive force is provided by the thrust compounding device(s)?

Conveniently, the fifth constraint for the Accel-Decel manoeuvre is selected to be the

ratio between the propulsive force (i.e. the force in the xe direction) produced by

the propeller(s) and total propulsive force required. For a compound helicopter, it is

likely that in the acceleration phase of the manoeuvre the pilot would adopt a control

strategy which would actively use the propeller(s) to provide the required propulsive

force. In terms of the HCH configuration, it is assumed that the two propellers provide

75% of the total force in the xe direction at the point of maximum forward acceleration

which is approximately tend/4, Figure 6.7. Note that the entire propulsive force could be

provided by the thrust of the propellers alone, however simulation runs showed that this

strategy increases the power of the total vehicle excessively. The percentage of 75% is

not an optimal value, however it is a compromise between fully exploiting the propulsive

force of the propellers whilst keeping the power requirements, in the acceleration phase
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Figure 6.7: Contribution of the two propellers to Fxe throughout the Accel-Decel ma-

noeuvre.

of the manoeuvre, within realistic values. Regarding the CCH configuration, it is

assumed that the propeller provides 65% of the total propulsive force at the point of

maximum forward acceleration. This value is chosen for similar reasons to those by the

HCH configuration. An additional advantage of thrust compounding is the possibility

of using the propellers to decelerate the aircraft by providing reverse thrust. It is fair

to assume that the design of the the propulsor(s) would be optimized for high speed

flight and not for reverse thrust purposes where the propellers operate in the windmill

brake state. Hence it is assumed that for both configurations the thrust compounding

device(s) are able to provide 25% of the entire reverse force required to decelerate the

vehicle at the time of peak deceleration, t ≈ 3tend/4, as seen in Figure 6.7. The end

result is that the majority of the force in the acceleration phase is provided by the

thrust of the two propellers, whereas the deceleration phase involves more traditional

helicopter like manoeuvring. The ratio of the propeller’s propulsive force (i.e. the force

in the xe direction) and total propulsive force required is dependent on time, Figure 6.7,

and is formed by the use of a eighth order polynomial

Fprop
Ftot

= c0t
8 + c1t

7 . . . c7t+ c8 (6.31)
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where c0, c1, etc. are coefficients. For the HCH configuration, the manoeuvre is now

fully described by five constraints: three accelerations, heading rate and the thrust

the propellers are required to produce. These five constraints match the five unknown

controls, which the inverse simulation algorithm calculates. In relation to the CCH

configuration, an additional constraint is required to match the 6 unknown controls.

This extra constraint is the lateral lift offset value required by the coaxial rotor. In this

manoeuvre it is assumed that there is a simple flight control system which automatically

controls the lateral lift offset value based on the vehicle’s airspeed. This was the method

used by Sikorsky in their flight tests of the Sikorsky X2 demonstrator. The distribution

of the lateral lift offset across the speed range is loosely represented by

LOS = AV 2
f (6.32)

where the non-dimensional coefficient A is a constant and chosen so that LOS equals

0.2 at 200 kt. In the high speed range a value of 0.2 is required to avoid retreating

blade stall [38], hence A is calculated to be 2×10−5. In the context of the Accel-Decel

manoeuvre, the desired lateral lift offset values are not significant across the manoeu-

vre. As it is a low speed manoeuvre, the power available is the limiting manoeuvring

factor [1], so it is unlikely that large values of lateral lift offset would be used.

Before proceeding, it is necessary to highlight an important point about the inverse

solution. In this manoeuvrability study, it is assumed that the pilot is continually using

five or six controls (five for the HCH configuration, six for the CCH configuration) to

control the aircraft. This would undoubtedly increase pilot workload throughout the

manoeuvre. A solution to this issue could be a control system and interface, where

the pilot has four available controls with a control system automatically altering the

additional controls. For example, it is possible that a control system could be intro-

duced so that the propeller pitch setting automatically increases once there is a forward

displacement of the pilot’s stick. Hence, a forward stick motion from the pilot would

be met with an increase of axial thrust from the propeller(s). Such an investigation

is not considered in the current work. However, it is clear that future studies would

be required to explore the potential control systems which could be implemented in a

compound helicopter design.
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6.4 Manoeuvrability Assessment Method

The inverse simulation technique has been used to assess both the manoeuvrability and

agility of helicopters [125, 132]. In this current study, a similar approach to Whalley’s

is adopted [125], in order to assess the maximum manoeuvring capability of three he-

licopter configurations. However, there are some differences. Firstly, the integration

method is used within this work unlike the differentiation technique used by Whal-

ley [125]. The integration method has proven to be a robust and flexible approach

which separates the mathematical model and the inverse simulation algorithm. This

method also permits the inclusion of high fidelity modelling techniques, such as indi-

vidual rotor blade modelling, which are not included within this study of compound

helicopters but could be in future work.

Another important difference between Whalley’s work and the current approach is

the definition of the limiting factor which determines the aircraft’s ability to complete a

manoeuvre. There are various limits which define the manoeuvrability of a rotorcraft,

which include aerodynamic, power and control travel limits [1]. In Whalley’s work [125]

it is assumed that the maximum or minimum control angles are the limiting factor for

the helicopter configuration to perform a particular manoeuvre. Indeed this can be se-

lected to be the manoeuvrability limit in this work, however due to the assumption of

Figure 6.8: Manoeuvre capability adapted from Lappos and Padfield [133]
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linear aerodynamics within the current rotor model and therefore not modelling blade

stalling, the extreme limit of the main rotor collective can be reached producing an

unrealistic amount of rotor thrust. The first solution to this is to assume that the

aerodynamic limitations of the main rotor determine the maximum manoeuvring capa-

bility of the vehicle. Hence, it is assumed that the limiting factor of certain manoeuvres

occurs when the main rotor blade loading, CT /σ, reaches a maximum value. For tran-

sient manoeuvres, such as pull ups and turns, rotor blade stalling occurs at greater

blade loading values than when compared to the helicopter in steady level flight [38].

This result has been confirmed by flight test data, see Figure 6.8, which was obtained

from Lappos and Padfield [133]. The reason that the main rotor is able to delay the

onset of retreating blade stall is due to the positive influence of the manoeuvre which

effectively reduces the local angles of attack across the retreating side of the disc [38].

The flight test data obtained by Lappos and Padfield [133] can be conveniently used

to approximate a transient manoeuvre boundary envelope, as seen in Figure 6.8. As

this envelope has been established from flight test data, in the context of this study

it is assumed that the limiting factor of certain manoeuvres occurs when the main

rotor’s blade loading reaches the transient manoeuvre boundary in Figure 6.8. This

limitation is appropriate in forward flight manoeuvres, due to the high level of excess

power available. However, for low speeds manoeuvres the manoeuvring capability is

generally limited by excess power available [1], as seen in Figure 6.8. Therefore, in low

speed manoeuvres it is appropriate to assume that the power available restricts the

vehicle’s ability to complete a manoeuvre. It is evident that the manoeuvrability limit

could be due to the aerodynamic restrictions of the main rotor or power requirements.

For these reasons, the manoeuvrability method allows the user to select their assumed

limit which can be based on control travel limits, main rotor aerodynamic restrictions

or the power available.

Figure 6.9 presents an overview of the Manoeuvrability Assessment Method (MAM).

This iterative method uses inverse simulation to determine the maximum manoeuvring

capability of the three aircraft configurations: the BL, HCH and CCH configurations.

The method begins at the first iterative counter and subsequently defines the manoeu-

vre. Thereafter, the integration method calculates the control angles required to force

the particular aircraft configuration along the desired flight path. With the controls

and states calculated throughout the manoeuvre, the assumed limiting factor deter-

mining the vehicle’s manoeuvrability can be calculated. If the limit is selected to be

the aerodynamic restrictions of the main rotor then the main rotor blade loading at

every time point is calculated. If CT /σ < (CT /σ)max at any time point throughout
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Start of the Manoeuvrability

Assessment Method (MAM)

k = 1

Define the manoeuvre, ydes

Inverse simulation to calculate u(tk)

The maximum manoeuvring

capability is limited by?

� Control travel limits

� Main rotor aerodynamic restrictions

� Power limitations

Has the inverse solution

converged on the assumed

manoeuvrability limit

within a given tolerance?

Completed

k = k + 1

no

yes

Figure 6.9: Flowchart Describing the Manoeuvrability Assessment Method.

the manoeuvre then the aggressiveness of the manoeuvre is redefined until this condi-

tion is satisfied. Conversely, if the power available is the limiting factor then the total

power throughout the manoeuvre is calculated and then the manoeuvre is redefined

until MAM converges towards a solution. In terms of the Pullup-Pushover manoeuvre,

the maximum load factor, nmax, in the manoeuvre definition, is allowed to alter the

aggressiveness of the manoeuvre and therefore converge towards the manoeuvrability

limit. In contrast, with the Accel-Decel manoeuvre the distance travelled by the vehi-
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cles, S, is varied to converge towards a solution. The manoeuvrability limit is generally

reached within 5 iterations.

6.5 Manoeuvrability Results

HCH Configuration Pullup-Pushover Results

With the methodology developed, MAM can now be used to predict the manoeuvrabil-

ity of the three aircraft configurations. Consider the HCH and BL configurations first.

For both configurations, flying the Pullup-Pushover manoeuvre, it is assumed that

the limiting factors are the aerodynamic restrictions of the two main rotors. Hence,

throughout the manoeuvres the aerodynamic blade loading of the main rotors, CT /σ,

is calculated and the aggressiveness of the manoeuvre refined until the maximum blade

loading is reached. The Pullup-Pushover manoeuvre begins at an airspeed of 120 kt and

as the aircraft climbs, airspeed begins to reduce due to a gain of potential energy. The

maximum blade loading is likely to occur at 3s into the manoeuvre, since this is where

the highest load factor is to be obtained with the lowest amount of translational kinetic

energy. At this flight condition the flight speed drops to ≈100 kt, which corresponds

to an advance ratio, µ, of approximately 0.22. With the use of Figure 6.8, which ap-

proximates a transient manoeuvre boundary, the maximum blade loading, (CT /σ)max,

which can be expected at this flight speed is 0.17. As a consequence, it is assumed

that the limiting factor for this manoeuvre is when (CT /σ)max = 0.17 for both aircraft

configurations.

Figure 6.10 presents the blade loading values at each time point for both aircraft

configurations. As expected, the predicted limiting state of the main rotors of the BL

and HCH configurations occur at ≈3s. It is interesting to the note the large differences

in blade loading between the two configurations at 2s. At this time point, for the

BL configuration, CT /σ = 0.15, whereas at the same time point CT /σ = 0.115 for

the HCH configuration. The difference is due to the wing offloading the main rotor

significantly at this particular point in the manoeuvre. However, notice that there is a

sharp rise in blade loading for the HCH configuration after 2.3s to increase the main

rotor’s thrust to sustain the positive load factor. The load distributions and height

achieved by each vehicle are shown in Figure 6.11. The maximum load factors achieved

by the HCH and BL configurations are 2.262 and 2.149, respectively. As a consequence

the HCH configuration climbs to a greater height than the BL configuration. The

HCH configuration reaches a height of 169m after 8.5s whereas the BL configuration’s
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maximum height of 147m is attained at 8.2s. Although the HCH configuration is

capable of climbing to a greater height than the BL configuration, the result may be

viewed as somewhat surprising as one might intuitively think that the maximum load

factor capability of a winged helicopter would significantly surpass the conventional

helicopter’s capability. This may indeed prove to be the case for high speed manoeuvres

where the lifting capability of the wing is fully exploited due to high dynamic pressure

values. Figure 6.12 presents the airspeed and the wing’s angle of attack variation

throughout the Pullup-Pushover manoeuvre. Figure 6.12 confirms that an effort is

made to ensure that the Pullup-Pushover manoeuvre is flown in a manner which realises

the lifting potential of the wing. For example, Figure 6.12(a) shows the wing’s angle

of attack increases significantly in the early stages of the pull up to increase the wing’s

lifting force, with the wing’s angle of attack reaching a maximum value of 15° at 3s.

The high angle of attacks in the pull up stage of the manoeuvre promote a lifting

force and as a consequence the wing provides about 20% of the vertical force at 3s.

This contribution towards the lifting force is ultimately limited by the relatively low

airspeeds in which the manoeuvre is performed, shown in Figure 6.12(b). Recall that

this manoeuvre begins at 120 kt which is a modest flight speed for a fixed wing aircraft.

The airspeed drops after the manoeuvre has commenced as the aircraft climbs. Hence,

the relatively low airspeeds coupled with a medium sized wing limit the lifting capability

of the wing throughout the manoeuvre.

Max Blade Loading for
the BL and HCH Configs

Figure 6.10: Blade Loading for the BL and HCH Configurations during the Pullup-

Pushover manoeuvre.

164



Chapter 6. Manoeuvrability 6.5 Manoeuvrability Results

(a) Load Factor Distribution (b) Height

Figure 6.11: Load Factor and Height Variation throughout the Pullup-Pushover Manoeu-

vre.

(a) Wing Angle of Attack (b) Airspeed

Figure 6.12: Airspeed and Wing’s Angle of Attack Variation throughout the Pullup-

Pushover Manoeuvre.

To properly interpret the results presented in Figure 3.10 it is convenient to inspect

the forces that the HCH configuration’s components produce. Figure 6.13 shows the

main rotor, wing and propeller forces in the xe and ze directions of the Earth Axes

set. Also shown in Figure 6.13 are the forces required by the aircraft components to

complete the manoeuvre. Note that the forces produced by the fuselage, tailplane and

fin are not shown for the purposes of clarity. The pull up stage of the manoeuvre is

characterised by a reduction in airspeed as there is a drop in translational kinetic energy

as the aircraft climbs. As a consequence, a significant amount of force in the negative xe
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(a) Forces in the xe axis

(b) Forces in the ze axis

Figure 6.13: Main Rotor, Wing and Propeller Forces of the HCH Configuration in the

xe and ze directions of the Earth Axes set during the Pullup-Pushover

Manoeuvre.
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direction is required, as seen in Figure 6.13(a), by the aircraft components to decelerate

the vehicle. Figure 6.13(a) shows that the main rotor provides the majority of the force

to decelerate and pitch the aircraft’s nose up in the first part of the manoeuvre. At 2.5

seconds into the manoeuvre the wing provides 16kN in the negative xe direction due

to the aircraft’s nose pitching up to attain the necessary load factor. In contrast, the

two propellers provide a significant force in the positive xe direction to overcome the

airframe’s drag and to maintain the required fuselage angle of attack. Figure 6.13(b)

presents the forces required by the HCH configuration’s components to provide the

required vertical acceleration. In the early stages of the manoeuvre, up to 3s, the wing’s

lifting force sharply increases as the aircraft’s nose pitches up, thereby increasing the

wing’s angle of attack. The wing produces 19kN of force in the vertical direction at 3s.

However, after 3s the wing’s lifting force in the ze direction begins to deteriorate due

to the piloting strategy to sharply reduce the fuselage’s angle of attack to transition to

the load factor of zero at 4s. It is also interesting to note that the propellers contribute

significantly to provide the required normal load factor, with the propellers providing

31kN of useful force in the negative ze direction at 3.5s into manoeuvre. At this time

the vehicle’s fuselage pitch angle is approximately 44°. Propellers generally create the

majority of their propulsive thrust in the direction normal to the propeller disc plane,

however due to the high fuselage pitch angle a significant amount of the propeller’s

propulsive force transforms into the ze direction, thereby providing a useful force to

obtain the highest load factor possible.

Figure 6.14 shows the predicted control displacements throughout the maximum

Pullup-Pushover manoeuvres. In the first second of the manoeuvre, a large main rotor

collective control input is required by the BL configuration to transition to a positive

load factor. However, the collective lever of the HCH configuration is lower than of

its conventional helicopter counterpart within the early stages of the manoeuvre. The

differences in the large initial longitudinal stick inputs, up to 3s, are due to the con-

tribution of the two propellers in the HCH configuration. There is a rapid rise in the

mean propeller pitch setting, θ̄prop, within the first second of the initial control input

to increase the propulsive force of the two propellers. After 4s the trend of the longitu-

dinal stick displacements are similar for the two aircraft configurations. As the vehicles

transition to their minimum load factors, nmin, both assumed to be 0, the main rotor

collective levers drop to lower the level of rotor thrust. The longitudinal cyclic of the

BL configuration reaches its minimum value at 5s as it pitches the aircraft down to

achieve a zero normal load factor. The propeller pitch control input increases consis-

tently from the start of the manoeuvre until 3s to promote greater propulsive force to
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Figure 6.14: Maximum Manoeuvrability Control time histories of the HCH and BL con-

figurations during the Pullup-Pushover manoeuvre.

supplement the contributions of the wing and main rotor to sustain the positive load

factor. However, as the aircraft transitions to a push over the control input reduces

significantly from 62° to a value of 27°. The control remains within this region until

it is increased in the latter stages of the manoeuvre to recover the vehicle’s original

airspeed.

HCH Configuration Accel-Decel Results

For the Accel-Decel manoeuvre, the power available is assumed to be the limiting factor

influencing the manoeuvrability of the two aircraft configurations. Figure 6.15 shows

the power variation of the two configurations throughout the maximum Accel-Decel

manoeuvre. The two configurations reach their limiting states, i.e. Ptot = Pav, at the

point of maximum forward acceleration. It is assumed that the installed engine power

of the HCH configuration is 2000kW, which is a significant increase from the 1300kW
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available for the BL configuration. Although this is not a design study, various other

studies have concluded that the compound helicopter is expected to have significantly

more power than a conventional helicopter [21, 134]. The compound helicopter is ex-

pected to operate at high speeds where parasite power, which is proportional to the

cube of the airspeed, dominates the power required [38]. To overcome this parasite

power penalty requires a significant reduction of airframe drag or a large increase of

installed power. Although it is the goal of the designer to minimise drag there is a

practical limit to which the rotorcraft’s drag can be reduced. The result is that an in-

crease of installed engine power for the compound helicopter configuration is required.

Therefore, it seems reasonable to increase the HCH configuration’s available power to

assess the vehicle’s potential manoeuvrability. The predicted result is that the HCH

configuration is capable of completing the manoeuvre quicker than the BL configu-

ration, as seen in Figure 6.16, with the BL and HCH configurations completing the

manoeuvre in 8.9s and 10.1s, respectively. Figure 6.16 shows the longitudinal distance

travelled by the two vehicles, with the BL configuration completing the manoeuvre

over a distance of 139.8m, whereas the HCH configuration covers a total distance of

124.7m. This result suggests that the HCH configuration is capable of completing the

manoeuvre quicker than the BL configuration but requires greater installed power to

do so.

BL Configuration’s Power Limit

Assumed Power Limit of the HCH Configuration

Figure 6.15: Power variation of the two configurations throughout the maximum Accel-

Decel manoeuvre.
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Figure 6.16: Flight path of the maximum Accel-Decel manoeuvres.

Figure 6.17 shows the forces produced by HCH configuration’s main rotor, wing

and propellers in the xe and ze directions of the Earth Axes set during the Accel-

Decel manoeuvre. Recall that with the HCH configuration, the additional constraint

imposed in the Accel-Decel manoeuvre is the amount of propeller thrust that provides

the total propulsive force required throughout the manoeuvre. As expected, the two

propellers provide 75% of the total propulsive force at the point of maximum forward

acceleration, as seen in Figure 6.17(a). As the aircraft begins decelerating, the main

rotor disc tilts backwards to slow the aircraft’s flight speed. As the propellers provide

25% of the required reverse force, at the point of maximum deceleration, the HCH

configuration decelerates by traditional helicopter manoeuvring, by the main rotor disc

flapping backwards with the consequence of significantly pitching the vehicle’s nose

upwards. In terms of the forces in the ze direction, the vertical force required by the

aircraft components is simply the aircraft’s weight, as the vehicle does not change height

throughout the manoeuvre. Figure 6.17(b) presents the forces produced by the aircraft

components of the HCH configuration in the ze axis. As seen in Figure 6.17(b), the

main rotor provides the majority of the lifting force throughout the manoeuvre. The

addition of lift compounding to the HCH configuration’s design is detrimental in this

particular manoeuvre as the wing produces an aerodynamic download throughout the

manoeuvre, Figure 6.17(b). Although the wing is beneficial at high speeds, as it offloads

the main rotor, in the hover and low speed flight it provides a significant download,
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(a) Forces in the xe axis

(b) Forces in the ze axis

Figure 6.17: Main Rotor, Wing and Propeller Forces of the HCH Configuration in the xe

and ze directions of the Earth Axes set during the Accel-Decel Manoeuvre.

reducing low speed performance. It is likely that a winged compound helicopter would

implement the use of flaps which were used on the tilt-rotor aircraft [24]. However,
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Figure 6.18: Maximum Manoeuvrability Control time histories of the HCH and BL con-

figurations during the Accel-Decel manoeuvre.

even with the use of flaps the wing will still provide an aerodynamic download in low

speed flight, which is an inevitable consequence of lift compounding.

Figure 6.18 presents the control time histories throughout the maximum Accel-

Decel manoeuvres. As noted previously, there are five manoeuvre constraints which

are the three accelerations, heading rate and the contribution of the thrust from the

two propellers which make up the total propulsive force required. The inverse sim-

ulation algorithm calculates the control activity required for the aircraft to fly the

manoeuvre in this particular manner. The advantage of using the final constraint is

that the two propellers are actively used to provide the majority of propulsive force in

the early stages of the manoeuvre. As a consequence, the two propellers provide 75%

of the total force in the xe axis, as seen in Figure 6.17(a), at the time where maximum

forward acceleration is required. Therefore, the mean propeller pitch, θ̄prop, increases

significantly in the early stages of the manoeuvre, as seen in Figure 6.18. The trend of

θ̄prop is similar to that of the propulsive force required by the propellers throughout the
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manoeuvre, with the control increasing in the first stage of the manoeuvre and reducing

to provide some level of reverse thrust. At the starting position of the manoeuvre the

main collective of the HCH configuration is greater than that of the BL configuration.

This is due to the wing of the HCH configuration providing an aerodynamic down-

load which requires additional collective input to offset the download force. As the

manoeuvre commences, the main rotor collective of the BL configuration increases, to

increase rotor thrust, with the control reaching its highest value at 4s. For the HCH

configuration its highest collective setting is lower than that of the BL configuration.

The main rotor is only required to provide 25% of the forward force in the xe direction,

at the time of peak forward acceleration, which consequently reduces the amount of

collective input required. For a conventional helicopter the main rotor is responsible

for both the propulsive and lifting capability of the vehicle [1]. One undesired quality

of the helicopter is that in order to accelerate or decelerate a large pitch excursion is

required. Due to the addition of thrust compounding, after 2s the main rotor disc of

the HCH configuration does not have to tilt as much as the BL configuration in order

to provide the propulsive force to the accelerate the vehicle. The net effect is that the

pitch attitude is reduced, between 1-4s, when the pitch attitude of the two configura-

tions are compared, highlighting one of the benefits of thrust compounding. As the

propellers provide a modest level of reverse thrust, the HCH configuration decelerates

by traditional helicopter manoeuvring. However, the peak pitch attitude of the HCH

configuration is lower than that of the BL configuration, as a result of the reverse thrust

the two propellers provide. The main rotor cyclic inputs are very similar throughout

the manoeuvre. Both configurations exhibit large oscillatory longitudinal cyclic control

inputs at the beginning of the manoeuvre. In terms of the anti-torque controls, θ0tr

and θdiff, their control time histories are similar to the collective settings in order for

the aircraft configurations to retain a constant heading.

CCH Configuration Pullup-Pushover Results

The fundamental premise of the Advancing Blade Concept is that it can overcome the

aerodynamic restrictions which generally limit the lifting capability of a single main ro-

tor. A recent study of the lateral lift offset concept concluded that the maximum lifting

capability of this coaxial rotor system is greater than a conventional single rotor [80].

This is further reinforced by the flight tests of the XH-59A, which demonstrated that

the aircraft was capable of reaching a blade loading value, CT /σ, of 0.28 in a high

speed manoeuvre at an advance ratio of 0.4 [135]. The lift potential of the advancing
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Max Blade Loading for CCH Config

Max Blade Loading for BL Config

Figure 6.19: Maximum Blade Loadings of the BL and CCH Configurations

sides of the discs can be fully realised and the net rolling moment of the rotor system

is maintained due to the counter rotating rotors. The end result is that stall boundary

of a lateral lift concept rotor is greater than that of a single main rotor, which is well

predicted by the classical McHugh lift boundary [136–138].

It is clear that the maximum lift capability of the coaxial rotor is greater than

that of the conventional single main rotor for a given solidity. Consequently, it is ap-

propriate to increase the maximum blade loading limit of the coaxial rotor, relative

(a) Load Factor Distribution (b) Height Profile

Figure 6.20: Flight path during the Pullup-Pushover Manoeuvres.
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(a) Forces in the xe axis

(b) Forces in the ze axis

Figure 6.21: Coaxial Rotor and Propeller Forces of the CCH Configuration in the xe and

ze directions of the Earth Axes set during the Pullup-Pushover Manoeuvre.

to the single main rotor. Therefore, using the results from Yeo and Johnson [80] and

flight test data from Sikorsky flight tests [135] it is assumed that the maximum blade
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loading achievable by the coaxial rotor is 0.22. Figure 6.19 presents the variation of

blade loading throughout the manoeuvre for both of the CCH and BL configurations.

The appearance of CT /σ throughout the manoeuvres is comparable with the aerody-

namic blade loading of the two vehicles increasing sharply within the first second of the

manoeuvre. The two aircraft climb to achieve the appropriate load factor, requiring

an increase in rotor thrust. After the point where the maximum blade loading values

are reached, there is an acute reduction of CT /σ as the vehicle commences the push

over stage of the manoeuvre. The end result is that the simulation estimates that the

CCH configuration is capable of achieving a greater load factor than its conventional

helicopter counterpart, Figure 6.20(a). It is predicted that the CCH configuration can

obtain a load factor of 2.274, compared to 2.149 of the BL configuration. Therefore, the

CCH configuration reaches a greater height than the BL configuration, Figure 6.20(b).

The maximum height of the CCH configuration is 150m, which is a 20m increase over

its comparison vehicle.

The results can be further scrutinised by inspecting the forces that the CCH con-

figuration produces during the manoeuvre, as seen in Figure 6.21. In particular, Fig-

ure 6.21(a) presents the forces produced by the vehicle in the xe direction of the Earth

axes set. Recall that the forces of the fuselage, fin, tailplane are not shown for the

purposes of clarity. The coaxial rotor is required to provide a large amount of force

in the negative direction of the xe axis, until 5s. The greatest force of approximately

-95kN is required at 3s, to pitch the aircraft’s nose up to achieve the necessary load

factor. As expected, the propeller provides a positive component of force in the first 3s

of the manoeuvre. This force is required to overcome the drag of the vehicle’s airframe.

Concerning the forces in the ze direction, Figure 6.21(b) presents the appropriate re-

sults. In the early stages of the manoeuvre, until 3s, the coaxial rotor provides the

majority of the force in the ze direction. From the initial stages of the manoeuvre the

force produced by the propeller increases, reaching its lowest value of -16kN at about

3s, with the propeller contributing to achieve the required vertical acceleration. This

shape of the propeller’s ze force in the first 3s of the manoeuvre reinforces the fact that

the manoeuvre is flown in a manner which exploits the benefit of thrust compounding.

After the aircraft achieves the maximum load factor the vehicle transitions to a push

over. Consequently, the vertical force produced by the coaxial rotor is very low be-

tween 5 and 7s, so that the aircraft’s normal load is appropriately 1. As the end of the

manoeuvre the force produced by the coaxial rotor is approximately 40kN, matching

the aircraft’s weight so that a load factor of unity is achieved.
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Figure 6.22: Maximum Manoeuvrability Control time histories of the CCH and BL con-

figurations during the Pullup-Pushover manoeuvre.

Figure 6.22 presents the control action of the coaxial rotor when flying the Pullup-

Pushover manoeuvre. In the pull up stage of the manoeuvre, the trend of the main

rotor collective settings of the BL and CCH configuration is similar. The increase in

collective input is required to increase the rotor thrust to attain the necessary load

factor. In relation to the longitudinal stick inputs of the two aircraft configurations,

the appearance of the two results is comparable throughout the manoeuvre. For the

CCH configuration, there is very little lateral cyclic control action required throughout

the manoeuvre as the rolling moments from the upper and lower rotors have a natural

tendency to cancel each other out. Recall that there are 6 available controls in the

CCH configuration, one of which is differential lateral cyclic which controls the distance

between the rotor hub and the effective lift vector of each of the rotor discs. In effect,

it controls how much of the rotor lift is shifted towards the advancing sides of the

rotor discs. The highest differential lateral cyclic values are calculated to occur in the

pull up stage of the manoeuvre. In this portion, the manoeuvre is flown in a manner
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which transfers the lifting capabilities of each rotor disc towards the advancing sides,

avoiding the onset of retreating blade stall. In terms of the yaw control of the CCH

configuration, there is a large control input of approximately -6° at 3s. At this stage

of the manoeuvre the propeller disc is highly loaded with the propeller producing a

significant amount of axial force. The consequence of this is that the helicopter has

a tendency to yaw, if uncorrected, due to the coupling of the highly loaded propeller

blades and the steep climb angle of the vehicle. This effect is best explained by using a

single propeller driven fixed wing aircraft, which is in climbing flight, as an example. For

this particular configuration, there is a tendency of this aircraft to yaw due to a moment

normal to the plane of rotation, which is referred to as the p-factor [61]. As the aircraft

climbs, the loading across the propeller blade which tip points along the starboard wing

is different to that of the blade which points along the port wing. This difference is

due to a high value of heave velocity, W , which alters the magnitude and direction

of airflow between the right and left hand sides of the propeller disc. The difference

in aerodynamic loading, creates a yawing moment which is not insignificant [61]. The

effect occurs in the CCH configuration when the airframe is climbing and the propeller

is producing a significant amount of axial thrust. This yawing moment produced by

the propeller at 3s is counteracted by the application of θdiff to ensure that the vehicle

remains on the required heading.

For the CCH configuration, one of the assumed knowns throughout the manoeuvre

is the propeller pitch setting, as seen in Figure 6.23. This propeller control is scheduled

in a manner which exploits the benefit of the compounding as discussed previously.

The maximum application of propeller pitch occurs at 3s, with the control reaching

a maximum value of 72°, thereby promoting a substantial amount of propeller thrust.

After 3s the propeller pitch control is scheduled to reduce the amount of propulsive

thrust to supplement the aircraft to transition to a push over. In addition, Figure 6.23

shows the pitch attitude variation throughout the Pullup-Pushover manoeuvre. For

the two aircraft configurations, this variation across the manoeuvre is similar. In the

early stages of the manoeuvre, the nose of the two aircraft pitch up to create the re-

quired vertical acceleration, z̈. The peak pitch attitudes for the two configurations is

reached at approximately 4s. Thereafter, a combination of the collective and longitudi-

nal stick control inputs pushes the aircraft’s nose down to reduce the vehicle’s vertical

acceleration.
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Figure 6.23: Maximum Manoeuvrability Control time histories of the CCH and BL con-

figurations during the Pullup-Pushover manoeuvre.

CCH Configuration Accel-Decel Results

The Manoeuvrability Assessment Method (MAM) is now applied to the CCH config-

uration to estimate its maximum manoeuvring ability whilst flying the Accel-Decel

manoeuvre. Like the HCH configuration, the assumption made here is that the power

available for the CCH configuration is greater than its conventional helicopter coun-

terpart. Figure 6.24 presents the power variation of the CCH and BL configurations

throughout their maximum Accel-Decel manoeuvres. Both of the configurations reach

their limiting states at the point of maximum forward acceleration where the greatest

propulsive force is required. For the CCH configuration, there are two major com-

ponents of power which arise from the coaxial rotor and propeller. The propeller is

actively used by the pilot during this manoeuvre to provide the necessary propulsive

forces and therefore this aircraft component requires significant engine power. Addi-

tionally, the coaxial rotor consumes a significant amount of power as it provides the
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lifting force and an element of the propulsive force throughout the manoeuvre. Notice

that there is a sharp drop in power, for both aircraft configurations, in the second stage

of the manoeuvre as the pilot drops the collective lever to decelerate the vehicles.

Figure 6.25 shows the predicted flight path of the BL and CCH configurations

during their maximum Accel-Decel manoeuvres. The end result is that the CCH con-

figuration is able to complete the manoeuvre in a distance of 133.7m, compared with the

139.8m of that of the BL configuration. The result here is that the addition of thrust

compounding to the CCH configuration is capable of improving the manoeuvrability of

the vehicle whilst performing an Accel-Decel manoeuvre, but it is likely that such an

aircraft arrangement would require a significant amount of installed engine power. It is

possible that, with further optimisation of the design, further manoeuvrability benefits

would result.

Figure 6.26 shows the predicted forces produced by the CCH configuration during

the Accel-Decel manoeuvre. One of the benefits of thrust compounding is that it can

offload the main rotor of its propulsive duties. In the forward acceleration part of the

manoeuvre, the CCH configuration’s propeller provides 65% of the required propulsive

force at the point of maximum acceleration, Figure 6.26(a). At the same point, ≈ 2s,

the coaxial rotor provides 14kN of force in the xe direction. Like the HCH configuration,

it is assumed that the propeller is capable of providing 25% of the total deceleration

BL Configuration’s Power Limit

Assumed Power Limit of the CCH Configuration

Figure 6.24: Power variation of the two configurations throughout the maximum Accel-

Decel manoeuvres.
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Figure 6.25: Flight path of the BL and CCH Configurations during the Accel-Decel Ma-

noeuvres.

force at the point of maximum deceleration, ≈ 7.7s. As a result, the propeller provides

8.7kN of reverse force to decelerate the vehicle. In terms of the forces produced in

the ze axis, Figure 6.26(b), the coaxial rotor provides the majority of lifting force, as

expected. Of course, this lifting force is approximately equal to the weight during the

manoeuvre. However, the propeller provides a portion of the force in the ze direction,

particularly at the points of maximum acceleration and deceleration. At these distinct

points, the propeller produces a significant amount of force normal to the propeller’s

disc plane. However, due to the fuselage’s pitch attitude at these points, a relatively

significant amount of force is produced in the ze direction.

Figure 6.27 shows the CCH configuration’s coaxial rotor control action throughout

the Accel-Decel manoeuvre. The main rotor collectives of the two vehicles follow a

similar trend during the manoeuvre. As expected, the peak main rotor collective of the

two aircraft occurs at the point of maximum forward acceleration. As the propeller of

the CCH configuration provides 65% of the propulsive force at this point, the coaxial

rotor collective input is less than that of the BL configuration. The collective levers

of the main rotor controls also drop significantly to orientate the rotor thrust vector

backwards to decelerate the respective aircraft configuration back to a stabilised hover.

For both configurations there are large longitudinal stick inputs at the beginning of

the manoeuvre which are similar in magnitude. The control inputs of the lateral cyclic

stick are also comparable during the manoeuvre. Regarding the CCH configuration,
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(a) Forces in the xe axis

(b) Forces in the ze axis

Figure 6.26: Coaxial Rotor and Propeller Forces of the CCH Configuration in the xe and

ze directions of the Earth Axes set during the Accel-Decel Manoeuvre.

recall that one of the additional constraints for this manoeuvre is the level of lateral

lift offset that the coaxial rotor is required to achieve at each time point. The lateral
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Figure 6.27: Maximum Manoeuvrability Control time histories of the CCH and BL con-

figurations during the Accel-Decel manoeuvre.

lift offset value was selected to increase with airspeed to promote greater aerodynamic

loading across the advancing side of the discs during the forward acceleration stage

of the manoeuvre. However, excessive amounts of lateral lift offset were not used as

blade stalling does not generally limit the vehicle’s manoeuvrability in low speed flight.

Figure 6.27 presents the differential lateral control to maintain the desired the lateral

lift offset value. For this control, only small control inputs are required to achieve the

necessary lift offset values. The final control inputs presented in Figure 6.27 are the

anti-torque controls. The large differences between these controls is mainly due to the

method which provides the anti-torque moment for each configuration. For the BL

configuration, the tail-rotor provides the yaw control whereas the CCH configuration

features a differential collective control to yaw the helicopter.

Concerning the CCH configuration, the other available control to the pilot is the

propeller pitch, θprop. Effectively, the inverse simulation calculates this control value

based on the amount of propulsive force the propeller is required to produce, which is
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Figure 6.28: Maximum Manoeuvrability Control time histories of the CH and BL con-

figurations during the Accel-Decel manoeuvre.

dictated by Equation (6.31). Figure 6.28 presents the propeller pitch and the resulting

pitch attitude of the fuselage through the Accel-Decel manoeuvres. The trend of the

propeller pitch setting follows the amount of propulsive force that the propeller is

required to produce, which is seen in Figure 6.26(a). The control increases in the initial

stages of the manoeuvre, and reaches its maximum value of 63° at 2.015s. Thereafter,

the propeller pitch setting reduces after the point of maximum forward acceleration,

reaching its lowest value of -12° where the propeller is required to provide 8.7kN of

reverse thrust to slow the aircraft’s speed. One of the positive consequences of the

thrust compounding is shown in Figure 6.28. An undesirable quality of the conventional

helicopter is the significant pitch excursions required to accelerate the aircraft. The

addition of the propeller to the design attenuates this issue, as seen in Figure 6.28. For

example, the lowest pitch of the BL configuration is -37° compared with -17° of the

CCH configuration. Note, that throughout the deceleration stage of the manoeuvre

the CCH configuration’s nose pitches upwards, in a similar fashion to that of the BL
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configuration, as it is assumed that propeller is only capable of providing 25% of the

decelerating force. Although not shown here, it is possible for the CCH configuration

to accelerate forward without the aircraft’s pitch attitude changing. However, this can

only be achieved if the acceleration distance is relatively large, otherwise the coaxial

rotor and propeller require an excessive amount of power.

6.6 Chapter Summary

This Chapter has investigated the effects of compounding on the manoeuvrability of

two compound helicopter configurations. The Chapter began by introducing the inverse

simulation algorithm. Subsequently, additional manoeuvre constraints were developed

so that the inverse simulation algorithm could calculate the control action required by

the pilot. Although the primary aim of this Chapter was to examine the influence

of compounding to the manoeuvrability of the helicopter it has also highlighted some

of the potential control strategies that pilots may use to fly a compound helicopter.

The conclusions of this Chapter are best summarised by focussing on each compound

helicopter separately.

Focusing on the HCH configuration, it is predicted that this vehicle is capable of

reaching greater load factors than the conventional helicopter. The wing is beneficial in

attaining normal load factors, however its contribution is limited by the small wing area

and the relatively low airspeeds in which the manoeuvre is flown. When flying the Accel-

Decel manoeuvre, it was shown that the HCH configuration was capable of completing

the manoeuvre in a quicker time than the conventional helicopter. However, this came

at the expense of greater installed engine power. The active use of the propellers in

the acceleration and decelerations stages of the manoeuvre reduce the fuselage’s pitch

attitude which is a clear advantage of thrust compounding.

The results from this Chapter also highlighted some positive aspects of the CCH

configuration. Firstly, the CCH configuration was predicted to able to reach a load

factor of 2.273 due to the combination of the coaxial rotor and the propeller. The coaxial

rotor is able to avoid blade stalling until greater blade loading values which allows the

vehicle to attain larger load factors than a single main rotor machine. In addition,

the propeller has a beneficial contribution flying the Pullup-Pushover manoeuvre. It is

therefore concluded that a vehicle which is similar to the CCH configuration would be

able to attain greater normal load factors than a conventional helicopter of similar size

and mass. The downside of achieving this is the introduction of additional complexity
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into the helicopter design. With the Accel-Decel manoeuvre, the CCH configuration

is able to complete the manoeuvre in a quicker time than the BL configuration. The

introduction of thrust compounding was beneficial in this manoeuvre with the propeller

providing a significant amount of propulsive force which reduces fuselage pitching.

As a whole, the conclusion from this Chapter is that the addition of thrust and

lift compounding do have the potential to make the rotorcraft more manoeuvrable,

when compared with a conventional helicopter. However, it should be stressed that

to achieve these manoeuvrability benefits requires careful design of the vehicle. For

example, the wing was shown to be beneficial in the Pullup-Pushover manoeuvre, but

its positive influence could be negated by the increase of helicopter weight required to

add a wing to the helicopter design. Undoubtedly, reducing the weight of the compound

helicopter will be a key design goal. Another design issue is the importance of installing

greater power to fully exploit the benefits of the axial force that a propeller provides.

In addition it can be concluded, with some confidence, that thrust compounding does

offer a manoeuvrability benefit in terms of reducing fuselage pitching when the vehicle

is required to accelerate.
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Chapter 7

Handling Qualities of Compound

Helicopter Configurations

7.1 Introduction

The preceding Chapters have identified some of the fundamental flight mechanics char-

acteristics of compound helicopter configurations. More specifically, the effects of com-

pounding on the trim, performance, stability and manoeuvrability of two compound

helicopter configurations have been examined. Another critical component of the com-

pound helicopter configuration, which has not been addressed yet, is its handling quali-

ties. The addition of compounding to the aircraft design introduces control redundancy

and changes the response characteristics of the vehicle. It also expands the flight en-

velope of the aircraft, enabling it to operate in new flight regimes. All three of these

elements are important and will strongly influence the handling qualities of this aircraft

class. To address the issue of handling qualities, this Chapter departs from the theme

of using the HCH and CCH configurations to investigate the merits of the compound

configurations. Instead, this Chapter takes a broader view at handling qualities and

the issues that need to be addressed to quantify the handling qualities of a compound

helicopter configuration. To this end, the main aim of this Chapter is to examine the

existing conventional helicopter handling qualities specification and determine whether

it is applicable to compound helicopters. In the areas where the current handling qual-

ities standards are deemed to be deficient, then some suggestions will be offered to

account for these inadequacies. It is important to stress that the aim of this Chap-

ter is not to develop new handling qualities criteria. Such an activity is beyond the

scope of the work and would, in all probability, take several years due to the volume

187



Chapter 7. Handling Qualities 7.2 Handling Qualities

of studies which would be required. Extensive flight tests would be essential. With the

aim of the current work stated, the Chapter begins by highlighting the importance of

handling qualities in modern helicopters. This is followed by a brief history of how the

existing handling qualities criteria were formed. This set of criteria are then examined

to determine if they are suitable to assess the handling qualities of high-speed com-

pound helicopter configurations. Where the existing handling qualities design criteria

are determined to be insufficient, incomplete or inappropriate, then some suggestions

are offered. The Chapter ends by listing the main conclusions from the work.

7.2 Handling Qualities

The conventional helicopter has to fulfil various roles, both in civil and military envi-

ronments, such as search and rescue, ship replenishment and scouting missions. The

ability of the helicopter to complete these missions, often referred to as mission ef-

fectiveness, depends on the handling qualities of the vehicle. The handling qualities

of a rotorcraft depend on various factors such as the vehicle’s response, operational

environment, the SCAS (Stability and Control Augmentation System) and the mission

task [139]. In a scenario where the pilot is attempting to complete a mission, partic-

ularly a mission that involves NoE manoeuvres, pilot workload is generally high due

to the volume of tasks the pilot must perform. These primary tasks, which of course

affect pilot workload, can be categorised into navigation, guidance and stabilisation

tasks [140]. In addition, there are other potential duties that the pilot may also have

to perform which include: weapon deployment, instrument monitoring and communi-

cation tasks. All of these demands increase pilot workload and as a consequence it

is widely recognised that rotorcraft require excellent handling qualities to ensure that

pilots can routinely complete missions effectively and safely.

Before continuing further, it is necessary to highlight that there is no universal

agreement on the definition of the term “handling qualities”. The original definition of

handling qualities was coined by Cooper and Harper [141] and is

“Those qualities or characteristics of an aircraft that govern the ease

and precision with which a pilot is able to perform the tasks required in

support of an aircraft role.”

This definition is still considered valid, however Padfield proposes that handling qual-

ities consist of two components - internal and external influences [36]. The internal

188



Chapter 7. Handling Qualities 7.2 Handling Qualities

components consist of the vehicle’s response to control inputs and cockpit elements

such as pilot displays. The external component includes elements such as weather con-

ditions, the visual environment and the mission task. Consequently, Padfield uses the

terms flying and handling qualities interchangeably, arguing that there is no need to de-

couple flying from handling qualities [36]. In contrast, Key proposed a slightly different

definition of the terms flying and handling qualities [142]. Key’s definition states that

the aircraft’s stability and control characteristics can be described under the bracket

flying qualities whereas handling qualities refers to the mission task element and the

external environment. Although the definition of handling qualities is not critical to

this Chapter, the author has chosen to adopt Padfield’s opinion of the term. The moti-

vation behind this choice is so that the term handling qualities describes a broad range

of helicopter attributes.

It is clear that the helicopter, regardless if it used for civil or military purposes, re-

quires excellent handling qualities so that it can operate safely in all flight regimes where

it is expected to function. To design a helicopter that satisfies the demand for high

safety standards requires an assessment method to quantify the handling qualities of

the vehicle. The most popular handling qualities scale is the Cooper-Harper scale [141],

as shown in Figure 7.1. The Cooper-Harper scale is used to derive a Handling Qualities

Rating (HQR) based on the opinion of the pilot flying the manoeuvre. The pilot is

asked to navigate the decision tree, Figure 7.1, and assign a HQR based on their judge-

ment of the task performance and the level of pilot workload [36]. Within this scale,

the quality rating spans three levels with Level 1 corresponding to an acceptable rating

for normal operation throughout the OFE (Operational Flight Envelope). If this is the

pilot’s conclusion, then a HQR between 1-3 is assigned. If the HQR rating is between

4-6, and therefore within the Level 2 category, then there are objectionable deficiencies

with the handling qualities of the aircraft which are only acceptable in emergency sit-

uations. When the handling qualities of the aircraft are considered unacceptable, then

the rating between 7-8 is assigned, which falls into the Level 3 class. The scale also

includes a HQR between 9-10 when the pilot is unable to complete the manoeuvre. The

Cooper-Harper ratings are by their nature subjective and therefore care must be taken

when conducting a handling qualities assessment using this approach. To attenuate the

subjective element of this approach it is recommended that multiple pilots (perhaps 5

or 6) should participate in the experiment to ensure that there is no significant scatter

between the sets of results [36].

Although the Cooper-Harper rating has proven to be a valuable assessment method,

the HQRs are inherently subjective and therefore must be supplemented with additional
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Figure 7.1: Cooper-Harper Handling Qualities Rating Scale. (Figure has been removed

due to Copyright restrictions.)

quantifiable metrics. The main issue with the scale is that if the aircraft is found to be

difficult to handle during a task then there is little information to isolate the problems

which are responsible for the poor HQRs. This problem can be remedied by acquiring

the pilot’s comments about the task and asking the pilot to complete a questionnaire

that describes the flight test [143]. However, quantifiable metrics allows the fundamen-

tal handling qualities issues to be identified, aiding the design process. An additional

advantage of objective criteria is that they form design targets for the handling qualities

engineer to satisfy. Objective criteria, which can be readily calculated, also allow the

aircraft designer to demonstrate that the vehicle complies with the handling qualities

regulations [36]. For these reasons, it is recognised that the subjective assessment of a

pilot needs to be supported by measurable and quantitative criteria [36]. Clearly, a suc-

cessful handling qualities specification needs to amalgamate the benefits of subjective

pilot opinions with objective design criteria.

7.3 Progress in Rotorcraft Handling Qualities

The first specification of Rotorcraft Handling Qualities was the MIL-H-8501 docu-

ment [144] which was published in 1952 [145]. This specification focused on time-
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domain parameters such as the response of the rotorcraft due to a step input and

the control power requirements were based on the vehicle’s weight. This specification

was revised in 1961 (MIL-H-8501A) and was continually used until its cancellation

in 1995. The handling qualities of the UH-60 and the AH-64 were developed using

the requirements from MIL-H-8501A. Despite its successes, the shortcomings of the

MIL-H-8501A requirements were ever present and widely known [145]. For example,

Ashkenas and Walton identified some of the inconsistencies of the specification by the

late 1960s [146]. One of the main drawbacks was the lack of clarity in the requirements,

with the specification continually using subjective terminology such as “excessive” and

“objectionable”. The respective meanings of these terms were inherently ambiguous

and open to interpretation. The requirements also did not take into account cross-

couplings, which are ever present in the helicopter, which was another shortcoming of

MIL-H-8501A. There were other issues regarding the specification, such as the lack of

basic structure [145].

The shortcomings of the MIL-H-8501A requirements were evident, and it was clear

that a new specification was required. To support the development of a new perfor-

mance standard it was recognised that a substantial handling qualities database was

required. Flight simulators played a key role in developing a significant database which

allowed for the creation of substantial quantitative criteria [139]. The US Army also

issued multiple contracts to various agencies with the broad aims to develop a new

specification format, to incorporate the existing criteria into this framework and to

identify any gaps in the current standards [139]. It was clear that by the early 1980s,

a significant effort had commenced to create a specification to replace MIL-H-8501A.

Initially this new standard was to be named MILH-8501B, with the idea that the spec-

ification would be an upgrade from the existing MIL-H-8501A standard [139]. After

the progress review of MILH-8501B, the US Army announced its intention to develop a

performance standard to supplement the development of a light helicopter, the RAH-

66 Comanche [139, 145]. By 1988, the subsequent result was the development of the

first generic rotorcraft performance standard named the Aeronautical Design Stan-

dards (ADS-33B). Improvements have been made to this standard since it was formed

and have continued with the current updated version of these requirements (ADS-33E-

PRF) published in 2000 [130]. This performance standard is still currently in use in

the United States. Since the publication of the various versions of the ADS-33 specifi-

cations, greater attention has been shown to handling qualities in the design stages of

the helicopter [36].
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7.4 Aeronautical Design Standard (ADS)

The mission-orientated framework of the ADS-33 specification provides a comprehen-

sive set of handling qualities criteria for military rotorcraft in the United States [147].

This specification is the most popular within the rotorcraft community as it has proven

to be effective in improving the handling qualities of various rotorcraft [139]. For ex-

ample, the benefits of the ADS-33 performance specification have been observed in

conventional helicopters, such as the MH-47G [148], as well as the German Army’s

CH-53G cargo helicopter [149]. One of the most distinguishing features of the ADS-

33 requirements is that it does not separate helicopters based on their weight or size.

The only distinction made between helicopter types is based on the primary role that

the vehicle is expected to fulfil. In the most updated version of the standard, ADS-

33E-PRF, there are four categories of helicopter type: attack, scout, utility and cargo

helicopters. The type of rotorcraft determines the manoeuvres that the vehicle is ex-

pected to complete, at a certain level of agility, to comply with the regulations. As a

whole the ADS-33 specification is significantly different from that of its predecessor, the

MIL-H-8501A specification [144], with various key and innovative features [36]. These

key features include: the mission-task-element, the usable cue environment and the

response type. The following sections presents some of the important elements of the

ADS-33 performance standard.

Frequency-Amplitude Manoeuvre Chart

The fundamental premise of the ADS-33 specification is that the handling qualities

of the rotorcraft can be obtained by focusing on the mission the vehicle is required

to complete. Unlike MIL-H-8501A, the ADS-33 requirements separate handling qual-

ities criteria depending on the manoeuvre of interest. Typically, speeds under 45kt

are defined as low speed manoeuvres whereas speeds greater than this are classed as

forward flight manoeuvres. Additionally, the dynamic response criteria within the

specification is separated by the aircraft dynamic response in terms of the frequency

and amplitude parameters, Figure 7.2. There are four important regions within the

frequency-amplitude chart, shown in Figure 7.2. These regions can be conveniently

split into stability and agility criteria. The stability criteria are isolated to low ampli-

tude manoeuvres, where low frequencies are characterised by the open loop response

of the aircraft, whereas high frequencies correspond to flight conditions where the pilot

can close the loop [150]. The former can be quantified by the frequency and damping

of the aircraft’s motion whereas the latter is measured by response bandwidth.
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Figure 7.2: Frequency-Amplitude Manoeuvre Chart

The agility of the helicopter is characterised by moderate to large amplitude ma-

noeuvres. Large amplitude manoeuvres can be quantified by the control power, with

the yaw control power an example within the ADS-33 performance standard [130]. In

contrast, moderate amplitude manoeuvres can be measured using the “quickness” cri-

terion. The term moderate normally conforms to attitude changes between 10 and 60°.

Essentially, the quickness parameter is a measure of how quickly an attitude change

can be achieved [150]. This parameter is the ratio of the peak attitude rate achieved

and the change of the attitude. It is generally desirable for the helicopter to exhibit

high values of quickness so that the vehicle can manoeuvre quickly with poise [139].

Note that this quickness parameter is discussed in more detail in subsequent sections.

Response Types

One of the important features of the ADS-33 specification is the response type of

the aircraft, at a given flight condition. The response type defines the character of the

vehicle’s response following a step control input [36]. Figure 7.3 shows the four different

response types: Rate Command (RC), Attitude Command (AC), Translational Rate

Command (TRC) and Acceleration Command (AC). The relationship between the

time and the attitude of RC response is of linear form. In terms of Attitude Command

(AC) and Translational Rate Command (TRC), the attitude loop is automatically

closed [36] which is advantageous in certain flight conditions. For example, consider

a pilot performing a low speed manoeuvre or a precision hover in a degraded visual
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Figure 7.3: Response Type

environment. For this type of flight condition and task the pilot’s workload is generally

high due to the lack of visual cues [151]. Hence, in this flight environment it is beneficial

for the aircraft to exhibit a TRC response to relieve the pilot of the stabilisation task,

so that the pilot can focus on guiding the vehicle safely. In contrast, for good visual

environments it is favourable for the aircraft to exhibit a RC response type so that

the vehicle can be manoeuvred quickly and effectively. Recognising that the required

response type is dependent on the given flight condition, the ADS-33 explicitly specifies

the response types that are required based on the applicable MTE and Usable Cue

Environment (UCE).

Mission-Task-Elements

One of the most critical aspects of the ADS-33 specification is the definition of the

MTE. In its current form, there is a library of suggested MTEs within the ADS-33E-

PRF performance specification. These are all well established manoeuvres which have

been refined due to the results from various studies [152–154]. These manoeuvres are

shown in Table 7.1 with the symbol indicating that the specification requirement
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MTE
Required Rotorcraft Category Externally

Agility Attack Scout Utility Cargo
Slung

Load

Tasks in GVE

Hover L

Landing L

Slope Landing L

Hovering Turn M

Pirouette M

Vertical Manoeuvre M

Depart/Abort M

Lateral Reposition M

Slalom M

Vertical Remask A

Accel/Decel A

Sidestep A

Decel to Dash A

Transient Turn A

Pullup/Pushover A

Roll Reversal A

Turn to Target T

High Yo-yo T

Low Yo-yo T

Tasks in DVE

Hover L

Landing L

Hovering Turn L

Pirouette L

Vertical Manoeuvre L

Depart/Abort L

Lateral Reposition L

Slalom L

Accel/Decel L

Sidestep L

Tasks in IMC

Decel Approach L

ILS Approach L

Missed Approach L

Speed Control L

Table 7.1: Mission-Task-Elements (MTEs) from ADS-33 [130]

is applicable. The required agility during a particular MTE depends on the aircraft

configuration and the visual environment. Recall that there are four rotorcraft config-

urations considered in the specification which include: attack, scout, utility and cargo

helicopters. Also the specification suggests MTEs for helicopters with externally slung
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loads. The type of visual environment is split into three categories. The first two cate-

gorises represent a good visual environment (GVE) and a degraded visual environment

(DVE). In addition, the specification includes standards for instrument meteorological

conditions (IMC) where the rotorcraft is controlled without the aid of visual cues and

with reference only to the onboard aircraft instruments [130]. The required level of

agility is denoted by L, M, A or T, which correspond to limited, moderate, aggressive

agility and target acquisition respectively. Each of these MTEs, Table 7.1, is supple-

mented with a set of guidelines defining how the mission task should be set-up.

7.5 Structure of ADS-33

Clearly the ADS-33 performance standard encompasses many innovative features over

its predecessor, the MIL-H-8501A specification. One of the critical components of ADS-

33 is that it has a well defined structure. Figure 7.4 presents the structure of the ADS-33

specification and how the various innovative features of ADS-33 combine to attempt to

deliver a helicopter with high mission effectiveness and low pilot workload. The starting

point of the specification is to define the operational missions by analysing what what

the rotorcraft is expected to do. Subsequently, mission-task-elements can then be

selected which are based on the perceived operational requirements of the vehicle. The

tailoring section of the specifications also requires a selection of the desired agility and

the operational environment of the rotorcraft.

The UCE is a key element in the ADS-33 specification. The UCE defines the

required response type of the vehicle, as seen in Figure 7.4. As mentioned previously,

some flight conditions require greater stabilisation than others. Fundamentally, the

UCE defines what response type, and therefore level of stabilisation, is required [145].

Figure 7.4 shows that the required agility, which depends on the relevant MTE, is

an input into the quantitative criteria of the specification. The end result is that a

combination of the required agility, based on the MTE, and the response type define

the applicable quantitative criteria. The quantitative criteria may be in the form of the

attitude quickness parameter, bandwidth or phase delay depending on various factors

including the UCE and MTE.

The next step, within the framework of the handling qualities process, is to define

the OFE and Service Flight Envelope (SFE) of the rotorcraft. Thereafter, the aim is

to obtain data to determine which boundary the aircraft falls within to predict the

levels of handling qualities [155]. In addition, the structure of ADS-33, Figure 7.4,
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Figure 7.4: Handling Qualities Process using ADS-33. (Figure has been removed due to

Copyright restrictions.)

allows for qualitative evaluations based on the HQRs assigned by the test pilots when

attempting to fly a MTE. The most preferred method to achieve this, but most costly,

is flight testing. Flight simulation is another method which plays an important role

within the structure of ADS-33. The flight simulator allows mission-task-elements

to be flown, at a relatively low cost, by test pilots to gauge the handling qualities

of the vehicle. Simulators can provide meaningful handling qualities assessments if

the flight model is of high fidelity and the visual and motion environment is modelled

accurately. Another benefit of simulation is that it can be useful in assessing changes to

the vehicle, particularly the control system functionality. These qualitative evaluations

form the “assigned levels of handling qualities” part of the process. Is also important

to highlight that the handling qualities process, Figure 7.4, also allows the designer to

alter the characteristics of the helicopter. This can be done by changing the vehicle’s

bare airframe or control system to comply with the performance standards.

7.6 Flight Control System of the Compound Helicopter

For the conventional helicopter, the flight control system plays a critical role in de-

termining the vehicle’s handling qualities [147]. Typically, the bare-airframe handling
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qualities of a helicopter fall into the Level 3 category [36]. The strong cross-couplings,

which are ever present in the helicopter, make the piloting task of the bare-airframe

challenging [36]. However, the presence of a properly designed flight control system re-

lieves pilot workload and allows the helicopter to achieve Level 1 handling qualities, in

certain flight conditions. In terms of the compound helicopter, the design of the flight

control system, to ensure that the vehicle’s handling qualities are satisfactory across the

OFE, may prove difficult. One challenge is that it is likely that compound helicopters

will exhibit unfamiliar control and response characteristics, particularly in high speed

flight. Consider a winged helicopter which also features thrust compounding. In high

speed flight, the main rotor is slowed to avoid adverse compressibility effects whereas

the wing and propeller(s) combine to offload the main rotor of its lifting and propul-

sive duties. In this flight regime, the contribution of the wing and propeller(s) may be

significant, so that the response of the aircraft may be distinctly different from that

expected of a conventional helicopter. Although Chapter 5 predicted the stability of

the HCH and CCH configurations, future research is required to quantify the response

characteristics of these types of vehicles at greater flight speeds. This work is required

because the results will form the basis of the SCAS design. Secondly, the bare-airframe

response characteristics need to be known so that the vehicle can be controlled in the

event of a flight control system failure [36].

There are other issues which the flight control system must overcome. The com-

pound helicopter requires additional propulsive and/or lifting devices to expand the

OFE of the vehicle. As a result, the compound helicopter designs will feature some

level of control redundancy. This may be viewed as a beneficial aspect of the compound,

as the additional control(s) can be used to improve the aircraft’s performance. For ex-

ample, a winged helicopter could feature flaps which could be deployed to improve

deceleration performance. However, the flight control system and the pilot interface

will have to be designed to ensure that the additional control(s) available to the pi-

lot do not adversely increase pilot workload. A successful compound helicopter must

require low levels of pilot workload in good visual environments so that the vehicle

can complete missions effectively and safely. The flight control system must achieve

this goal whilst ensuring that the aircraft exploits the potential advantages offered by

compounding to improve performance.

Continuing with the theme of the compound helicopter’s flight control system, it is

possible that such a vehicle will feature multiple sets of flight controls, particularly with

a winged compound helicopter. In hover and low speed flight, the aircraft will operate

in helicopter-like mode with standard swashplate controls. However, as the compound
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helicopter transitions into high speed forward flight the main rotor is slowed and the

aircraft controls could be transferred to other components of the aircraft such as the

wing, fin and tailplane. In effect, the controls in this flight regime would be analogous

to that of a fixed wing aircraft with elevator, aileron and rudder controls. A similar

situation occurs in the tilt-rotor aircraft [1]. Clearly, the flight control system will need

to harmonise these two set of controls, particularly when the aircraft transitions from

helicopter controls to another set of controls.

7.7 Applicability of ADS-33 to Compound Helicopters

The success of ADS-33 is widely recognised, with the benefits of the specification

observed in various rotorcraft designs including the RAH-66, MH-47G and the CH-

53K [148, 156, 157]. Due to the accomplishments of the specification, it is reasonable

to expect that the handling qualities guidelines for the compound helicopter will be

based upon the mission-orientated framework of ADS-33. However, the development of

the ADS-33 framework was focused on the conventional helicopter and it is evident that

there are some areas, within the specification, that do not address the handling quali-

ties of high-speed rotorcaft. This view is supported by a European based programme,

named the Rotorcraft Handling Interactions and Load Prediction (RHILP), which has

identified that there is no generic handling qualities specification which is appropri-

ate to the tilt-rotor aircraft [158, 159]. Consequently, one of the primary aims of the

RHILP project was to develop a set of handling qualities criteria suitable for the tilt-

rotor aircraft. The project used the mission orientated framework approach, like that

of ADS-33, to develop handling quality standards for the aircraft configuration [158].

Some progress has been made to extend the ADS-33 specification to include handling

qualities criteria for this particular aircraft class [158, 159]. However, it is important to

highlight that although initial studies have begun, no comprehensive handling criteria

have been formed to date. The compound helicopter is similar to the tilt-rotor in the

sense that one of the primary advantages of the vehicle is the expansion of the flight

envelope, relative to the conventional helicopter. It is therefore evident that similar

handling qualities studies, relating to the compound helicopter, are required. Gener-

ally speaking, the development of handling qualities criteria is a lengthy and iterative

process [158], requiring research in terms of rotorcraft modelling, flight tests and flight

simulations. For example, it took a period of 15 years to upgrade the original ADS-33

to the newer version ADS-33E. Similar time-scales can be expected as the rotorcraft re-
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search community attempts to develop handling qualities criteria relating to compound

helicopters.

A successful compound helicopter will have to exhibit satisfactory handling qual-

ities across its OFE. However, developing handling qualities criteria for compound

helicopters will pose a challenging task due to a variety of issues. Upon examining the

current ADS-33 performance standard, ADS-33E-PRF, there are two notable gaps in

the requirements which do not take into account the compound helicopter. Two of the

important omissions of the current ADS-33, are listed below:

� There are no Mission-Task-Elements which consider high speed missions which a

compound helicopter is likely to perform regularly.

� There are no handling qualities criteria which are applicable to high speed ma-

noeuvres.

The subsequent sections describe these areas where ADS-33 is deficient, in more detail.

Examination of Mission-Task-Elements

The menu of MTEs presented in the ADS-33E-PRF specification are listed in Ta-

ble 7.1. Upon inspection of these recommended flight test manoeuvres, there are no

MTEs which take into the high speed element of a rotorcraft design. For example, the

descriptions of the Deceleration to Dash, Transient Turn, Pullup-Pushover and Roll

Reversal MTEs all state that the test should be conducted with the helicopter at a

speed equal to or less than 120kt [130]. The main perceived benefit of compounding

the helicopter is to expand the vehicle’s OFE, so that the helicopter can achieve speeds

in excess of 200kt. As a consequence, it is likely that the currents MTEs will have to

be altered, or alternatively new MTEs designed, to asses the handling qualities of a

compound helicopter in high speed flight. Recall that MTEs are formed by the oper-

ational missions that the vehicle is expected to perform [36]. Essentially, a MTE is a

test manoeuvre which represents a phase in a typical operational mission [36]. Hence,

if new test manoeuvres are required, a close inspection of the compound helicopter

perceived operational missions would be necessary.

The previous discussion highlighted that the MTEs in the existing performance

standard do not take into account the high speed element of the compound helicopter.

However, this does not mean that all the current MTEs, in the ADS-33E-PRF specifi-

cation, are not appropriate to the compound helicopter. The compound helicopter is
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expected to have similar hover and low speed performance to that of the conventional

helicopter. As a result, it is likely that the hover and low speed test manoeuvres may

be applicable to assess the compound helicopter’s handling qualities. Consider the Ver-

tical Remask test manoeuvre as described in ADS-33E-PRF [130]. The primary aim

of this manoeuvre is to check the rotorcraft’s ability to manoeuvre, in low speed flight,

close to the ground. This attribute is an important quality as the compound helicopter

may need to avoid enemy fire in low speed flight. The only issue with this manoeuvre,

in relation to compound helicopters, is that the performance standards may need to

be tailored to account for the presence of a wing on a compound helicopter. However,

the Vertical Remask does seem applicable to a compound helicopter. The fundamental

premise of the compound helicopter is that it can achieve high speed whilst maintain-

ing hover and low speed manoeuvring capability. Therefore, it may transpire that the

majority of low speed test manoeuvres, listed in table 7.1, may prove applicable to a

compound helicopter configuration.

Case Study - Deceleration to Dash

The following is an example of how an existing MTE may be altered to suit a compound

helicopter. In this case study the test manoeuvre in question is the Deceleration to

Dash MTE. One of the main benefits of the compound helicopter is its greater speed

capability. In various scenarios this type of aircraft will have to decelerate frequently

from its dash speed to its loiter speed. For example, consider a combat situation.

The compound helicopter travels at its dash speed, to reach the appropriate area,

and then is required to decelerate to its loiter speed to inspect or engage a potential

threat. After this engagement the pilot realises that the helicopter may be vulnerable

to an attack and therefore commences a sharp acceleration to reach the vehicle’s dash

speed to avoid an attack. This type of situation may occur frequently in a military

environment. Consequently, within the ADS-33 specification, an MTE that aims to

check the vehicle’s handling qualities as the aircraft decelerates from its maximum to

loiter speed, then sharply accelerates back to its initial airspeed, seems appropriate. For

a compound helicopter, the acceleration and deceleration of the vehicle could involve the

application of a propeller control to reduce or increase axial thrust. Additionally, the

main rotor’s speed may change significantly as it is required to be slowed, in high speed

flight, to avoid adverse compressibility effects. For a winged helicopter, the main rotor

is also offloaded, so a test manoeuvre involving a sharp deceleration could inspect the

vehicle’s handling characteristics as the lift across the wing alters significantly. There
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Deceleration to Dash
a Objectives

� Check for poor engine governing or overly complex power management require-

ment.

� Check pitch, heave, and yaw axis handling qualities for aggressive manoeuvring.

� Check for undesirable coupling between the longitudinal and lateral-directional

axes, and between the heave axis and longitudinal and lateral-directional axes, for

manoeuvres requiring large power changes.

� Check for harmony between the heave, pitch, and directional axis controllers.

� Check for adequate rotor response to aggressive collective inputs.

b Description of the manoeuvre

From level unaccelerated flight at the lesser of VH or 120 knots, perform a level

deceleration-acceleration. Adjust the pitch attitude to maintain altitude with a

full down collective position. As the airspeed decreases to approximately 50 knots,

aggressively assume the attitude for maximum acceleration and rapidly increase

power to approximately the maximum, and maintain that power until the initial

airspeed is reached.

c Description of the test course

Any reference line on the ground will serve as an adequate test course for this

manoeuvre.

d The entire manoeuvre shall be conducted below 200 ft.

Table 7.2: Description of the ADS-33E-PRF Deceleration to Dash MTE

could also be the option of the pilot to use flaps to improve the deceleration performance

of the vehicle. Clearly, there are a variety of control issues in this type of manoeuvre

which a compound helicopter will be expected to perform regularly. Hence, it seems

appropriate to include a similar test manoeuvre in a performance standard relating to

a compound helicopter. The existing “Deceleration to Dash” MTE, which is shown

in Table 7.2, is similar to this type of manoeuvre. However, further analysis suggests

that the airspeed values, stated in Table 7.2, do not seem appropriate for a compound

helicopter. The dash speed in the current specification is limited to 120kt, whereas the

compound helicopter’s maximum speed is perceived to be much greater than this value.

The dash speed of a compound helicopter is expected to be in the region of 220kt. The

objectives of the test manoeuvre are also listed in Table 7.2. As these were based on a

conventional helicopter, it does not check the handling qualities that may arise due to

the addition of the compounding device(s). Additionally, the performance standards

of the “Deceleration to Dash”, which are separated into desired and adequate metrics,

were developed using the conventional helicopter. These standards may or may not be

applicable to the compound helicopter.

Due to the greater speed capability of the compound helicopter, it is possible that

the “Deceleration to Dash” may need to be amended to accommodate this design
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Deceleration to Dash
a Objectives

� Check for poor engine governing or overly complex power management require-

ment.

� Check pitch, heave, and yaw axis handling qualities for aggressive manoeuvring.

� Check for undesirable coupling between the longitudinal and lateral-directional

axes, and between the heave axis and longitudinal and lateral-directional axes, for

manoeuvres requiring large power changes.

� Check for harmony between the heave, pitch, and directional axis controllers.

� Check for adequate rotor response to aggressive collective inputs and the variation

of rotorspeed.

� Check for harmony between the thrust compounding controls and the other heli-

copter controls.

� (Winged Compound Only) Check for harmony between the response of wing due to

response of aggressive control inputs.

b Description of the manoeuvre

From level unaccelerated flight at the lesser of VH or 220 knots, perform a level

deceleration-acceleration. The deceleration of the aircraft can be achieved through

a combination of pitching the vehicle’s nose up, the application of reverse thrust

from the propeller(s), and by the application of speed brakes on a winged rotorcraft.

As the airspeed decreases to approximately 80 knots, aggressively apply the control

inputs for maximum acceleration and rapidly increase power to approximately the

maximum, and maintain that power until the initial airspeed is reached.

c Description of the test course

Any reference line on the ground will serve as an adequate test course for this

manoeuvre.

d The entire manoeuvre shall be conducted below 200 ft.

Table 7.3: Possible Amended Version of the ADS-33E-PRF Deceleration to Dash MTE

Suitable for Compound Helicopters

attribute. An amended version of the “Deceleration to Dash” test manoeuvre, applica-

ble to the compound helicopter, may look like the description presented in Table 7.3.

The proposed major changes to this test manoeuvre include the change of the initial

airspeed when this MTE commences. The recommended manoeuvre begins at an air-

speed less than or equal to 220kt, which is more applicable to expected flight speeds of

a compound helicopter. The aircraft is required to decelerate to an airspeed of 80kt,

then to accelerate to its initial speed. The description of the manoeuvre also states

that the deceleration phase of the manoeuvre may be achieved through a variety of

mechanisms. The perceived compound helicopter design could decelerate by typical

helicopter manoeuvring (pitching the aircraft’s nose up), or through the application

of propeller reverse thrust or through the use of speed brakes on a winged compound

vehicle. Clearly, with the addition of compounding to the rotorcraft there are a variety

of piloting strategies that could be used to fly this particular manoeuvre. Consequently,
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this type of test manoeuvre would have additional objectives, relative to the conven-

tional helicopter. Some of these additional objectives are stated in Table 7.3. This MTE

would check how the main rotor of the compound helicopter responds due to strong

control inputs which would result from this manoeuvre. With the types of airspeeds

suggested in Table 7.3, the rotorspeed of the main rotor could vary significantly, (the

rotor is required to be slowed in high speed flight) altering the response characteristics

of the aircraft. Altering the rotorspeed is a task that the flight control system would

be required to do, in effect regulating the rotorspeed with the given flight condition.

This manoeuvre would check the control system’s ability to achieve this. The test

manoeuvre would also check for harmony between the thrust compounding controls

(most probably propeller controls) with the standard helicopter controls. It is possible

that multi-mode mixing would be adopted. For example, the propeller control could

be mixed directly with the longitudinal stick so that forward stick tilts the rotor disc

forward as well as increases the propeller’s axial thrust. Again, this manoeuvre would

check for harmony between these two controls. The last addition to the objectives

concerns the wing’s contribution, if applicable, to the handling qualities. The lifting

capability of the wing is strongly dependent on flight speed. The rapid deceleration

of a winged helicopter would significantly deteriorate the lifting force across the wing,

requiring an increase of rotor thrust to maintain height. The reverse situation occurs

as the aircraft accelerates. The proposed amendment to the “Deceleration to Dash”

would examine the wing’s effect on the handling qualities of the aircraft.

Handling Qualities Criteria

An important component of the mission based framework of ADS-33 is the set of quan-

titative criteria, as seen in Figure 7.4. Although, the opinion of the pilot is generally the

conclusive factor [36], quantitative criteria are required as they form design goals and

can be used to demonstrate compliance during the design stages [36]. Although design

criteria for the conventional helicopter has been well established, and included in the

publication of ADS-33, there remains a challenge to develop handling qualities design

criteria which are appropriate for compound helicopters. The natural consequence of

compounding the helicopter is the expansion of the flight envelope, exposing the he-

licopter to unfamiliar flight conditions. For the conventional helicopter, the ADS-33

specification conveniently splits the quantitative criteria into two sections; namely the

hover and low speed and forward flight requirements. The hover and low speed require-

ments correspond to airspeeds below 45 kt. Conversely, the forward flight requirements
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Figure 7.5: Roll Attitude Quickness Criteria for Forward Flight (MTEs expect Target

Acquisition and Tracking) [130]

are applicable to flight speeds over 45 kt.

The compound helicopter will be expected to operate in flight conditions which

cannot be achieved by the standard helicopter design. With the expansion of the flight

envelope it may be necessary, within the handling qualities criteria, to make a distinc-

tion between “mid-speed flight” and “high speed flight”. The “mid-speed flight” range

could be a speed range within 45 - 140kt whereas the term “high-speed flight” would

correspond to airspeeds in excess of 140 kt. The high speed range would be where

the compounding device(s) would be fully exploited, to overcome the limitations of the

conventional helicopter, leading to unfamiliar response characteristics. Consequently,

the boundary lines, which discriminate between Levels 1, 2 and 3, in the ADS-33 spec-

ification may need to be redefined in the high speed range. For example, consider the

roll attitude quickness criterion for forward flight MTEs, excluding target acquisition

and tracking MTEs, shown in Figure 7.5. Figure 7.5 introduces the “roll attitude quick-

ness” parameter which is shown on the y-axis. This parameter is the ratio of the peak

roll rate and the peak change of roll angle

Roll Attitude Quickness =
ppk

∆φpk
(7.1)

205



Chapter 7. Handling Qualities 7.7 Applicability of ADS-33 to Compound Helicopters

The quantity φmin is the minimum bank angle achieved in the manoeuvre. The bound-

aries in Figure 7.5 were determined by Roger Hoh, a key contributor to the ADS-33

performance standard, with the use of flight test data [139]. It may transpire that

the boundaries presented in Figure 7.5 may not be appropriate to a compound heli-

copter in high speed flight. This would need to examined by a series of flight tests or

flight simulations in the high speed range. It is important to highlight that compound

helicopter designs are likely to have significant roll control power, with significant roll

rates expected to be achieved by a combination of lateral cyclic and some other control.

Consider a winged compound helicopter in high speed flight. The maximum theoreti-

cal bank angle could be greater than that of a conventional helicopter as higher bank

angles could be attained by the application of both lateral cyclic and aileron controls

across the wing. As a result, simulations or flight tests involving test pilots flying a

compound helicopter may conclude that the Level 1 handling qualities boundary may

need to be moved in a different region to that presented in Figure 7.5. However, it

must be stressed that a decisive conclusion can only be reached after tests have been

conducted.

In a similar manner to the roll quickness parameter, it may be necessary to refine

the boundaries of the pitch quickness in high speed flight. The definition of the pitch

quickness parameter is analogous to roll quickness, with the term described by the

following relationship

Pitch Attitude Quickness =
qpk

∆θpk
(7.2)

For a conventional helicopter, high pitch rates can be achieved by longitudinal cyclic

and/or collective inputs. In relation to a compound helicopter, the pilot may be able to

create greater pitch rates by the application of control inputs to the thrust compounding

device. Although there are various proposed compound helicopter designs, one common

theme is the additional source of thrust compounding which is likely to be supplied by

a propeller. Depending on the rotorcraft’s design, the pilot may be able to exploit

the benefits of thrust compounding to achieve greater pitch rates than a conventional

helicopter counterpart. Another issue is the contribution of the wing, if the vehicle

features lift compounding. In high speed flight, the wing will offload the main rotor of

its lifting responsibilities. As a consequence, the lifting force from the wing added with

suitable main rotor control inputs could allow the aircraft to achieve significant pitch

rates. For these reasons, the boundaries of Level 1, 2 and 3 may need to be altered.
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Another issue with compound helicopter designs are the methods in which the

anti-torque moment is provided. For example, with the Eurocopter X3 the yaw control

is provided by the two propellers, mounted on earlier side of the fuselage, and not

by a standard tail-rotor. Considering the Sikorsky X2, the application of differential

collective control allows the helicopter to yaw. There is the additional possibility that

the yaw control of the compound helicopter will be shifted to a rudder control, in high

speed flight. As a consequence, both the yaw control power and yaw axis quickness

boundaries may need to be re-examined. Again, it is important to stress that calculating

these boundaries is beyond the scope of this work, with the primary aim of the work

to identify some of the potential handling qualities issues associated with compound

helicopters.

In relation to the tilt-rotor aircraft, the RHILP programme showed that the fixed

wing aircraft handling qualities criteria could be integrated with the tilt-rotor in aero-

plane mode [159]. In particular, the RHILP showed that the short period mode of the

tilt-rotor loosely conformed with the short period “thumbprint” criterion of fixed wing

aircraft. Figure 7.6 shows the classical thumbprint chart of fixed wing aircraft [96].

For fixed wing aircraft, past experience shows that good short period handling quali-

ties are obtained when the mode is heavily damped with a frequency of approximately

3rad/s [96]. Using this criterion, the tilt-rotor short period was determined to be in the

“poor” and “acceptable” boundaries [159]. In the context of compound helicopters, the

handling qualities of fixed wing aircraft could be used as quantitative criteria. How-

ever, there is an important distinction to make between the tilt-rotor vehicle and a

compound helicopter design. In effect, the tilt-rotor operates as a turbo-prop aircraft

in high speed flight, with the wing providing the entire lifting force. In contrast, with a

compound helicopter featuring lift compounding, the wing and the main rotor combine

to provide the lifting force. The response of the main rotor following a disturbance will

be significant, as seen in Chapter 5, therefore the short period mode may not be similar

to the damping and frequency range in the thumbprint criterion. Due the dominating

nature of the main rotor, with its ability to produce significant pitching and rolling mo-

ments independent of the amount of rotor thrust, it is fair to postulate that in high sped

flight the response of a compound helicopter would be different to that of a fixed wing

aircraft. Therefore, it is the author’s opinion that fixed wing handling qualities will

not play a significant role in the formation of compound helicopter handling qualities

criteria.
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Figure 7.6: Short Period Thumbprint Chart [96]

7.8 Chapter Summary

This Chapter has examined the handling qualities criteria for conventional helicopters,

primarily focusing on the ADS-33 performance standard. Clearly, the ADS-33 perfor-

mance standard is a comprehensive set of handling qualities criteria which has improved

the handling qualities of various rotorcraft. One of the key innovations of the standard

is that it centres on the helicopter mission that is being conducted. Therefore, it can be

described as a mission-oriented framework. Despite the inherent successes of the ADS-

33 specification, it was demonstrated that there are some gaps within the requirements

that do not take into account some of the important features of a compound helicopter.

For example, the menu of MTEs within the current specification, ADS-33E-PRF, do

not address the high speed element of the compound helicopter. All of the well es-

tablished forward flight MTEs are limited to airspeeds under 120kt. To remedy this

issue two solutions are suggested. The first solution is to take the existing MTEs and

alter the appropriate test manoeuvres to take into account the high speed range of a

compound helicopter. Ultimately, the altered MTE would be similar to the established
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MTE, with the exception that the airspeeds or distances that the aircraft is expected

to reach may be different due to differences in performance. By altering the MTE,

it may be necessary to redefine the performance standards which accompany the test

manoeuvre. An example of this approach was demonstrated in the Chapter by altering

the existing “Deceleration to Dash” manoeuvre. The second solution is to develop new

test manoeuvres based on the operational missions that the compound helicopter is

expected to perform.

The Chapter also highlighted that low speed MTEs, within the ADS-33E-PRF per-

formance standard, may still be applicable to a compound helicopter design. One of the

obvious advantages of the compound helicopter is its greater speed capability. However,

this rotorcraft configuration will be expected to perform hover and low speeds tasks

such as ground surveillance and ship landings. Therefore the vehicle will be required

to exhibit excellent handling qualities in low speed flight as well as high speed flight,

to ensure that the aircraft can complete a wide variety of missions effectively. Conse-

quently, it seems reasonable that the existing hover and low speed tests manoeuvres

could be used to demonstrate that the compound helicopter has satisfactory handling

qualities in this flight regime. In terms of dynamic response criteria, the Chapter intro-

duced the typical parameters which assess the helicopter’s handling qualities. Examples

of response parameters include the attitude quickness, control power and bandwidth.

These form the basis of the dynamic response criteria with appropriate boundaries dis-

criminating between Levels 1, 2 and 3 handling qualities. It is suggested that these

boundaries may need to be amended to suit a compound helicopter, in forward speed

flight. The introduction of compounding may allow the pilot to achieve greater or

lower angular rates than the conventional helicopter. As a result, it may be necessary

to redefine the boundary lines in the response criteria. However, it was stressed that

a conclusive decision can only be reached by carrying out appropriate flight tests or

simulations in future studies.
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Chapter 8

Conclusions

8.1 Introduction

The main conclusions of this Thesis are summarised in this Chapter. The main aim

of this Thesis was to make a contribution to the improved understanding of the flight

dynamics of compound helicopters. To this end, this study investigated the effects

of thrust and lift compounding and how they influence the flight mechanics of the

helicopter configuration. As stated in Chapter 1, the motivation for this work arose

from the resurgence of interest in the compound helicopter configuration. The study

focussed on understanding the effects of compounding to the trim, performance, sta-

bility and manoeuvrability of the compound helicopter. Another objective was also to

examine the handling qualities of the compound helicopter and the challenges which

face the rotorcraft community in this area. The following lists the conclusions from

each objective, which were stated in Chapter 1.

8.2 Research Conclusions

(i) Mathematical Model Development

The first objective was to develop a simulation package capable of modelling com-

pound helicopter configurations. To model compound helicopter configurations,

the existing conventional helicopter package has been enhanced to include pro-

peller, wing and coaxial rotor models. The coaxial rotor and the propeller models

were validated using available wind tunnel data. These encouraging results show

that the models can accurately capture the behaviour of a coaxial rotor and a

propeller for the purposes of flight dynamics research. The end result here is that
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a simulation package, which falls into the Level 1 rotorcraft modelling category,

has been developed which is capable of assessing compound helicopters.

(ii) Development of Compound Helicopter Configurations

The second objective was to develop compound helicopter configurations using the

simulation package. The study was influenced by industrial interest in two specific

arrangements of the compound helicopter, namely the Eurocopter (now Airbus

Helicopters) X3 and the Sikorsky X2. Due to the interest in these rotorcraft

configurations, it was decided to focus the research on these two vehicles. To

model the two compound helicopters, an established conventional helicopter was

taken and altered to represent two compound helicopter configurations. Hence,

the study involves three aircraft configurations - a conventional helicopter and

two compound helicopter configurations. The baseline (BL) helicopter was based

on the AugustaWestland Lynx and the two other compound helicopters were

referred to as the Hybrid Compound Helicopter (HCH) and Coaxial Compound

Helicopter (CCH).

The second part of this particular objective was to trim the compound helicopters.

This required altering the well-established trim algorithm to take into account

the additional control(s) that compounding offers. The new trim algorithm was

successful and it appears to be a useful flight dynamics tool. The results from

the compound helicopter showed that controls required to trim the aircraft can

change significantly due to influence of compounding. With a winged helicopter

configuration, the main rotor collective reduces as the wing offloads the main rotor

of its lifting duties. The addition of thrust compounding, reduces the amount of

forward stick required as airspeed increases due to the axial thrust the propeller(s)

provide. With the CCH configuration, differential lateral cyclic was shown to be

able to offload the retreating sides of the rotor discs in high speed flight with the

trim algorithm predicting that this control varies linearly with airspeed.

(iii) Performance

The next objective was to examine the effects of compounding to the performance

of this aircraft class. Although this was not a design exercise, the results from this

Chapter did highlight some important design aspects of the compound helicopter.

The conclusions from this piece of work emphasise the importance of reducing

airframe drag on this particular aircraft configuration. In addition, the work con-

cludes that the presence of a wing is detrimental to the hover performance of a

compound helicopter. Another conclusion is that it is likely that the compound
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helicopter will need a significant increase of engine power, relative to a conven-

tional helicopter of similar mass, so that it can operate in the high speed range.

In this flight regime, parasitic power becomes excessive and therefore requires a

significant increase of power to compensate. Due to the modelling approach, it is

difficult to broadly conclude whether or not a compound helicopter would have

greater performance than a conventional helicopter. Such a conclusion can only

be made with a parametric performance study which takes into account the pow-

erplants, weights and sizing of various aircraft components. This type of study is

a suggestion for future work.

(iv) Dynamic Stability

The stability of the compound helicopter configurations was examined in Chap-

ter 5. The main conclusion from Chapter 5 is that the dynamic stability character-

istics of the two compound helicopter configurations are broadly similar, although

there are some differences, to the conventional helicopter. The reason for this is

due to the powerful contribution of the main rotor to the stability attributes of

the compound helicopter. It can be concluded, with some confidence, that the

roll damping of a helicopter will increase in forward flight if a wing is added to the

design. The roll damping of the lateral lift offset rotor will also be significant due

to the coaxial rotor design. Another conclusion is that the drag damping of the

compound helicopter will be greater than that of the the conventional helicopter.

This is due to the contribution of the propeller(s), which increases the drag of

the vehicle following a perturbation of forward speed. This result attempts to

stabilise the phugoid mode of the respective aircraft, although the phugoid mode

may still be unstable due to the main rotor’s contribution. One important con-

clusion, is that the compound helicopter may exhibit an unstable longitudinal

mode in high speed flight. For the HCH configuration, an unstable heave mode

develops whereas the phugoid mode of the CCH configuration branches off to the

real axis, producing a purely divergent mode.

(v) Manoeuvrability

The fifth objective of the study was to determine the influence of compounding on

the manoeuvrability of the compound helicopter configurations. To achieve this

the simulation tool of the inverse simulation was used. One of the achievements

of this Chapter was the development of a Manoeuvrability Assessment Method

which can predict the manoeuvrability of a compound helicopter. In the con-

text of the Chapter, it is predicted that the two compound helicopters featured
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in the study are more manoeuvrable than the conventional helicopter when fly-

ing Accel-Decel or Pullup-Pushover manoeuvres. For these two manoeuvres, the

conclusion is that it is likely that the compound helicopter will be more manoeu-

vrable that a conventional helicopter if the following conditions are met. The first

condition is that the weights of the the conventional helicopter and compound

helicopter are similar. The weight of the compound helicopter may be greater

than the standard helicopter due to the additional weight of wings, propellers

and additional engines. The second condition is that the installed power of the

compound helicopter must be greater than its conventional counterpart to exploit

the manoeuvrability potential of compounding. Therefore, it is unreasonable to

conclusively state, in a broad sense, that a compound helicopter will be more ma-

noeuvrable than a conventional helicopter. But it can be concluded, with some

certainty, that the introduction of compounding does have the potential to be

increase the manoeuvrability of this aircraft class.

(vi) Handling Qualities

The final objective of the study was to outline the challenges in developing han-

dling qualities standards which are appropriate to compound helicopters. Chap-

ter 7 highlighted some of the important omissions of the ADS-33E-PRF standard.

The first conclusion is that none of the menu of mission-task-elements within the

ADS-33E-PRF specification take into account the high speed element of the com-

pound helicopter. The forward speed boundary of all of the mission-task-elements

does not exceed 120kt. The compound helicopter is expected to operate at greater

flight speeds, with an envisioned cruise speed being in the region of 220kt. Con-

sequently, it is concluded that there are two options to address this shortcoming.

The first option is to alter the current mission-task-elements to take into account

high speed mission tasks that a compound helicopter will perform in its oper-

ational duties. Alternatively, new mission-task-elements could be formed which

take into the account the operational roles that the compound helicopter will

perform in high speed flight. Another conclusion from the Chapter is that it may

be necessary to redefine the boundaries of the various dynamic response criteria

when high speed flight conditions are considered. It might be appropriate to make

a distinction between “mid-speed” and “high-speed” flight in the specification.

The term “mid-speed” flight would represent speeds between 40 - 140kt, whereas

“high-speed” flight would reflect airspeeds in excess of 140kt. The “high speed

flight” bracket would consider flight speeds where the benefits of compounding

are fully exploited to avoid the aerodynamic limitations which typically restrict
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the maximum speed of a conventional helicopter. These different speed categories

are only a suggestion as it may transpire that the boundaries in the “high-speed”

flight range may be similar or identical to the existing dynamic response criteria.
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Appendix A

Linear Inflow Model

A.1 Glauert Inflow Model

Modelling the rotor wake is a complex aerodynamics problem. The modelling strategy

used to approximate the behaviour of the rotor wake depends on the application. For

example, for main rotor design studies high fidelity vortex wake models are typically

used. However, for the purposes of flight dynamics simple linear inflow models are

commonly used. The HGS package uses a linear inflow variation to model the induced

velocity through the rotor disc. Although a rudimentary model, the linear inflow model

has shown good correlation with wind tunnel data. One fundamental assumption of

this type of model is that the inflow variation is of linear form

vi = v0 + v1sr sinψ + v1cr cosψ (A.1)

Therefore, the induced velocity through the rotor disc is composed of three terms -

a steady term represented by v0, and two other terms which describe the induced

velocity’s variation across the rotor disc. The terms v1s and v1c represent the lateral and

longitudinal contributions of the rotor inflow, respectively. Equation (A.1) is commonly

presented in normalised form as

λi = λ0 + λ1sr̄ sinψ + λ1cr̄ cosψ (A.2)

where
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λi =
vi

ΩR

λ1s =
v1s

ΩR

λ1c =
v1c

ΩR

r̄ =
r

R

By the application of steady momentum theory, the steady inflow term λ0 can be

calculated using the familiar expression of

λ0 =
CT

2
√
µ2 + (µz − λ0)2)

(A.3)

The term, µ, is the in-plane velocity at the rotor hub, where µz is the normal component

of the velocity at the rotor hub. The thrust coefficient is also present in Equation (A.3)

as denoted by CT . Although in some special cases an analytical solution to Equa-

tion (A.3) can be found, the mean inflow component through the rotor disc is generally

calculated numerically.

The next task is to calculate the lateral and longitudinal contributions to Equa-

tion (A.2). It is assumed that these terms are based on the rotor wake skew angle and

the mean induced velocity through the disc. To determine the values of λ1c and λ1s it is

necessary to introduce another axes set, called the wind axes set. The transformation

between the rotor disc axes and the rotor wind axes is

λdisc
1c

λdisc
1s

 =

cosψwind − sinψwind

sinψwind cosψwind

λwind
1c

λwind
1s

 (A.4)

where

ψwind = tan−1

(
µx
µy

)
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The longitudinal component of the rotor inflow, in rotor wind axes, can be approximated

by the expression

λwind
1c = λ0 tan

χ

2
if χ <

π

2
(A.5)

λwind
1c = λ0 cot

χ

2
if χ >

π

2
(A.6)

One of the convenient results of transforming from the rotor disc axes to the rotor wind

axes is that the lateral component of the inflow, in wind axes, is zero. As λwind
1s = 0,

and by using Equations (A.1) - (A.6) the induced velocity through the rotor disc can

be approximated.
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Appendix B

Trim Algorithm

B.1 Newton-Raphson Trim Algorithm

The starting point of any meaningful analysis of a helicopter model is to trim the

model. From the trim condition the helicopter’s dynamic stability, open-loop response

and handling qualities can all be assessed. The trim problem is to find the control

angles to hold the helicopter in a flight condition were the body accelerations are

exactly zero [36]. The helicopter can be in trimmed flight when turning, climbing or

descending. In the condition of steady level flight then the angular velocities are set

to zero as well as the sideslip velocity. Consequently, the aircraft will be steady level

flight when the six Euler rigid body equations are:

X

Ma
− g sin Θ =0 (B.1a)

Y

Ma
+ g cos Θ sin Φ =0 (B.1b)

Z

Ma
+ g cos Θ cos Φ =0 (B.1c)

L =0 (B.1d)

M =0 (B.1e)

N =0 (B.1f)

From Equations (B.1), it is evident that in this particular case there are six functions

that must equal zero. A numerical method is used to calculate the control angles

which satisfy the above set of equations. The method is the so-called Newton-Raphson
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method. A complete description of the numerical technique is detailed by Press et.

al [160], with a brief summary given below. The discussion also shows how this method

is used to trim the helicopter model.

The Newton-Rapshon method can be used for a problem where the number of

function relationships equal the number of unknown quantities. In the general case, if

there are N functions to be equal to zero, with the unknown variables denoted by xi,

then it can be said

Fi(x1, x2, ...xN ) = 0 i = 1, 2, ...N (B.2)

Let the vector x contain the unknown values with the vector F denoting the functions.

A Taylor series can be applied, resulting in

Fi(x + δx) = Fi(x) +
N∑
j=1

∂Fi
∂xj

δxj +O(δx2) (B.3)

Equation (B.3) can be simplified by firstly noting that
∂Fi
∂xj

is a matrix of partial

derivatives known as the Jacobian matrix, J. In addition, the higher order derivatives

can be neglected. Therefore, in matrix notation the equation becomes

F(x + δx) = F(x) + J.δx (B.4)

For the particular case of the conventional helicopter, with the assumption of constant

rotorspeed, there are six unknowns. The unknown vector, x, is therefore

x = [θ0, θ1s, θ1c, θ0tr,Θ,Φ]T (B.5)

To further reinforce how the method works, Equation (B.4) may be written in expanded

form. If the term F1 represents Equation (B.1a), F2 represents Equation (B.1b) and so

forth, then
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

F1(xi + δxi)

F2(xi + δxi)

...

F6(xi + δxi)


=



F1(xi)

F2(xi)

...

F6(xi)


+



∂F1

∂θ0

∂F1

∂θ1s
· · · ∂F1

∂Φ

∂F2

∂θ0

∂F2

∂θ1s
· · · ∂F2

∂Φ

...
...

. . .
...

∂F6

∂θ0

∂F6

∂θ1s
· · · ∂F6

∂Φ


·



δθ0

δθ1s

...

δΦ


(B.6)

The only major difficulty with this method is determining the values of the 36 partic-

ular derivatives (6 unknowns × 6 functions), such as
∂F1

∂θ0
, etc. Due to the complexity

of the helicopter equations of motion it is challenging, if not impossible, to analytically

calculate the particular derivatives. As a result, the derivatives are calculated numeri-

cally by adopting a central differencing approach. The overall solution of the unknown

vector is found when F(x + δx) = 0. This equation, in matrix form, can therefore be

written as

δx = −J−1.F (B.7)

The δx vector is added to the solution vector to converge towards a solution

xi+1 = xi + δx (B.8)

This is an iterative process with the algorithm continuing until convergence. If the

initial guesses are of good quality then convergence is normally reached within five

iterations. Generally, the convergence criterion is set by specifying a tolerance. That

is to say that the process keeps iterating until

xi+1 − xi < tol (B.9)

This method has proven to be robust and reliable. It should be noted that the algorithm

is easily amended to suit a given application. For example, the number of unknowns

with x can be extended, with the assumption that an additional function is formed.
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Linearisation Algorithm

C.1 Linearisation Algorithm

The following is an overview of the numerical linearisation algorithm to reduce the non-

linear equations of motion into linear form. One of the main fundamental assumptions

of the numerical linearisation approach is that the vehicle’s forces and moments can be

expressed by a Taylor-series expansion. For example, using the X body force, this can

be expressed as

X ≈ Xe +
∂X

∂u
δu+

∂X

∂w
δw . . . h.o.t. (C.1)

with the remaining forces and moments expanded in a similar manner. The δ term

denotes a small change from the trimmed state. Equation (C.1) linearised the force of

the X body equation, however the Taylor-series expansion can be conveniently applied

to the entire rigid body equations. If the nonlinear equations of motion of the aircraft

are given by

ẋ = F(x,u) (C.2)

then a Taylor-series expansion of the nonlinear equations of motion, Equation (C.2),

gives

ẋ + δẋ = F(x,u) +
∂F

∂x
δx +

∂F

∂u
δu . . . h.o.t. (C.3)

221



Appendix C. Linearisation Algorithm C.1 Linearisation Algorithm

Additionally, Equation (C.3) can be reduced further by noting that at the trimmed

state the time derivative of the state vector is zero, which is mathematically stated as

ẋ = F(x,u) = 0 (C.4)

Therefore, the Taylor-series expansion of the equations of motion yield the following

δẋ =
∂F

∂x
δx +

∂F

∂u
δu (C.5)

which with dropping the perturbation notation, is commonly expressed as

ẋ = Ax + Bu (C.6)

where the system matrix, A, is form of the stability derivatives and the control matrix,

B, contains the control derivatives. The fully expanded form of the system and control

matrices are shown in Equations (C.11) and (C.12), respectively. The structure of the

state matrix is

x =
[
U, V, W, P, Q, R, Φ, Θ

]T
(C.7)

whereas, the control matrix for the BL helicopter is of the form

u =
[
θ0, θ1s, θ1c, θ0tr

]T
(C.8)

The derivatives contained in each of the matrices, Equations (C.11) and (C.12), are

estimated through numerical differentiation. More specifically, a central difference ap-

proach is used to calculated the derivatives. For example, consider the first Euler Rigid

Body equation

U̇ = − (WQ− V R) +
X

Ma
− g sin θ (C.9)
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For simplicity, Equation (C.9) is referred to as F1. Clearly, the function F1 is dependent

on the vehicle’s states and controls. In the trimmed condition, F1 equals zero. It is

best to explain the central difference approach, by an example. Focusing on the drag

damping derivative Xu, it is calculated by applying small perturbations of forward ve-

locity, u, to F1. During these perturbations, all the states apart from u and the controls

remain at their trim values. The drag damping derivative is therefore approximated by

Xu ≈
F1 (Ue + u)− F1 (Ue − u)

2u
(C.10)

The perturbation size of u is chosen to be a small value. This process of central

differencing occurs 64 times (8 states × 8 equations) to calculate the system matrix,

Equation (C.11). To develop the control matrix it is used 32 times (8 states × 4

controls) to create the control matrix, Equation (C.12).
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System and Control Matrices

The following lists the system and control matrices of the BL, HCH and CCH config-

urations at various flight speeds.

D.1 BL Configuration Matrices

BL Configuration - Hover

A Matrix =

-0.0168 -0.0104 0.0209 -0.2794 0.3788 -0.0195 -0.0002 -9.7866 -0.0000

0.0123 -0.0359 -0.0001 -0.4167 -0.3240 0.1141 9.7731 0.0386 0.0000

0.0232 -0.0051 -0.2963 -0.0250 0.0500 -0.0034 0.5137 -0.7377 -0.0000

0.3123 -0.2530 0.0204 -10.1760 -2.9769 -0.7474 -0.0007 -0.0048 0.0000

0.0513 0.0509 0.0047 0.3291 -1.8589 0.0155 0.0008 -0.0002 -0.0000

0.0569 0.0040 0.0063 -1.8226 -0.5928 -0.5166 -0.0001 -0.0008 -0.0000

0.0000 0.0000 0.0000 1.0000 -0.0040 0.0754 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9986 0.0525 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0526 1.0015 0.0000 0.0000 0.0000



B Matrix =

7.1616 -10.2320 1.8096 0.0098

-0.3794 -1.2741 -10.6350 6.1998

-94.9680 -0.7176 0.1265 0.0007

6.3393 -30.3720 -154.9300 -1.2540

1.0500 26.6770 -8.2320 0.4179

17.3080 -5.5262 -28.1860 -16.7340

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.1 BL Configuration Matrices

BL Configuration - 20 kt

A Matrix =

-0.0073 -0.0069 0.0237 -0.2433 -0.3252 -0.0431 -0.0002 -9.7883 0.0000

0.0144 -0.0660 0.0057 0.2732 -0.2917 -10.0930 9.7816 0.0262 -0.0000

-0.1635 -0.0171 -0.4178 -0.0872 10.5060 -0.0147 0.3613 -0.7158 0.0000

0.1308 -0.2325 0.2366 -10.3530 -2.6124 -0.8178 -0.0007 -0.0049 -0.0000

0.0422 0.0415 0.0179 0.2969 -1.9845 0.0103 0.0008 -0.0002 -0.0000

-0.0108 0.0194 0.0356 -1.9892 -0.4171 -0.7134 -0.0001 -0.0009 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0027 0.0731 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9993 0.0369 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0370 1.0020 0.0000 0.0000 0.0000



B Matrix =

6.0074 -9.7112 2.0886 -0.0543

-0.9434 -1.5592 -10.5260 5.6748

-91.1470 -6.5480 0.1715 0.0197

9.3158 -31.3720 -154.2200 -1.1495

3.8329 26.7160 -8.4239 0.4164

15.9060 -6.3149 -27.6510 -15.3150

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


BL Configuration - 40 kt

A Matrix =

-0.0147 -0.0023 0.0294 -0.1906 -0.7637 -0.0408 -0.0002 -9.7951 0.0000

0.0067 -0.1008 0.0025 0.7158 -0.2396 -20.2760 9.7923 0.0145 -0.0000

-0.1081 -0.0153 -0.5919 -0.1730 20.6990 -0.0259 0.2353 -0.6152 0.0000

-0.0368 -0.1898 0.2482 -10.4790 -2.1681 -0.8918 -0.0007 -0.0048 -0.0000

0.0298 0.0233 0.0256 0.2464 -2.1208 -0.0018 0.0008 -0.0002 -0.0000

-0.0423 0.0551 0.0174 -2.0001 -0.2539 -1.0106 -0.0001 -0.0009 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0015 0.0628 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9997 0.0240 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0241 1.0017 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.1 BL Configuration Matrices

B Matrix =

5.1977 -9.1505 2.5294 -0.0650

-0.7720 -1.9332 -10.3630 5.4970

-96.4010 -12.9480 0.2053 0.0373

20.8160 -30.9960 -153.2700 -1.0944

7.4274 26.9570 -8.7445 0.2890

14.6590 -6.7807 -27.1310 -14.8270

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


BL Configuration - 60 kt

A Matrix =

-0.0248 0.0002 0.0304 -0.1635 -0.8715 -0.0350 -0.0003 -9.8036 0.0000

0.0033 -0.1359 -0.0016 0.8254 -0.2125 -30.4780 9.8017 0.0088 -0.0000

-0.0340 -0.0155 -0.6981 -0.2865 30.8750 -0.0352 0.1925 -0.4599 0.0000

-0.0508 -0.1689 0.1995 -10.4650 -1.9817 -0.9557 -0.0007 -0.0045 -0.0000

0.0265 0.0127 0.0297 0.2251 -2.2487 -0.0071 0.0009 -0.0002 -0.0000

-0.0333 0.0853 -0.0052 -1.9493 -0.1654 -1.2942 -0.0002 -0.0009 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0009 0.0469 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9998 0.0196 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0197 1.0009 0.0000 0.0000 0.0000



B Matrix =

4.8651 -8.6224 2.7190 -0.0515

-0.9386 -2.1559 -10.3330 6.4701

-107.6300 -20.9680 0.2162 0.0045

23.1420 -29.7590 -152.8900 -1.2536

10.8590 27.5020 -8.9120 0.1035

12.7680 -7.1380 -26.7660 -17.4370

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.1 BL Configuration Matrices

BL Configuration - 80 kt

A Matrix =

-0.0329 0.0014 0.0287 -0.1572 -0.5158 -0.0274 -0.0003 -9.8109 0.0000

0.0029 -0.1699 -0.0049 0.4659 -0.1999 -40.7070 9.8090 0.0050 -0.0000

0.0069 -0.0161 -0.7668 -0.4147 41.1000 -0.0350 0.1954 -0.2614 0.0000

-0.0431 -0.1654 0.1683 -10.3700 -1.8731 -1.0059 -0.0007 -0.0041 -0.0000

0.0262 0.0076 0.0340 0.2262 -2.3662 -0.0096 0.0009 -0.0002 -0.0000

-0.0276 0.1064 -0.0160 -1.9021 -0.0977 -1.5309 -0.0002 -0.0008 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0005 0.0266 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9998 0.0199 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0199 1.0002 0.0000 0.0000 0.0000



B Matrix =

4.5154 -8.1655 2.7102 -0.0474

-1.2875 -2.3102 -10.4370 7.4623

-117.1700 -29.6400 0.2096 -0.0135

22.2140 -28.2750 -153.0300 -1.4309

14.1510 28.3040 -8.9614 0.0171

11.6050 -7.4262 -26.5300 -20.1030

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


BL Configuration - 100 kt

A Matrix =

-0.0402 0.0019 0.0264 -0.1664 0.3989 -0.0089 -0.0003 -9.8144 0.0000

0.0034 -0.2033 -0.0078 -0.4588 -0.1955 -50.9400 9.8117 0.0005 -0.0000

0.0319 -0.0173 -0.8178 -0.5597 51.3360 -0.0439 0.2306 -0.0300 0.0000

-0.0380 -0.1728 0.1534 -10.2190 -1.7965 -1.0548 -0.0006 -0.0035 -0.0000

0.0273 0.0049 0.0384 0.2420 -2.4760 -0.0116 0.0009 -0.0002 -0.0000

-0.0268 0.1218 -0.0165 -1.8623 -0.0484 -1.7398 -0.0002 -0.0007 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0001 0.0031 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9997 0.0235 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0235 0.9997 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.1 BL Configuration Matrices

B Matrix =

4.1911 -7.7602 2.5563 -0.0544

-1.6804 -2.4421 -10.6890 8.3242

-125.1900 -38.5460 0.1821 -0.0225

21.5460 -26.3260 -153.7100 -1.5912

17.4110 29.3460 -8.9284 -0.0194

11.7240 -7.4138 -26.4500 -22.4220

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


BL Configuration - 120 kt

A Matrix =

-0.0474 0.0021 0.0248 -0.1893 1.9112 0.0363 -0.0002 -9.8119 0.0000

0.0043 -0.2367 -0.0104 -1.9908 -0.1973 -61.1500 9.8075 -0.0069 -0.0000

0.0499 -0.0194 -0.8591 -0.7353 61.5490 -0.0534 0.2944 0.2231 0.0000

-0.0366 -0.1894 0.1500 -10.0260 -1.7490 -1.0997 -0.0004 -0.0026 -0.0000

0.0298 0.0034 0.0423 0.2698 -2.5795 -0.0141 0.0010 -0.0001 -0.0000

-0.0295 0.1331 -0.0077 -1.8291 -0.0259 -1.9296 -0.0001 -0.0006 0.0000

0.0000 0.0000 0.0000 1.0000 0.0007 -0.0227 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9996 0.0300 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0300 0.9998 0.0000 0.0000 0.0000



B Matrix =

4.0325 -7.3367 2.2721 -0.0734

-2.0739 -2.5739 -11.1200 9.0956

-132.4000 -47.5290 0.1202 -0.0290

21.9500 -23.7210 -155.0300 -1.7391

20.6220 30.5930 -8.8214 -0.0320

13.2910 -6.8587 -26.5790 -24.4990

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.2 HCH Configuration Matrices

BL Configuration - 140 kt

A Matrix =

-0.0550 0.0020 0.0253 -0.2251 4.0244 0.1332 -0.0002 -9.8023 0.0000

0.0053 -0.2705 -0.0129 -4.1385 -0.2039 -71.3060 9.7947 -0.0193 -0.0000

0.0645 -0.0223 -0.8945 -0.9656 71.7070 -0.0635 0.3834 0.4891 0.0000

-0.0378 -0.2151 0.1553 -9.8020 -1.7351 -1.1421 -0.0000 -0.0016 -0.0000

0.0335 0.0026 0.0450 0.3085 -2.6768 -0.0172 0.0010 -0.0001 -0.0000

-0.0352 0.1411 0.0102 -1.8031 -0.0403 -2.1065 -0.0001 -0.0004 0.0000

0.0000 0.0000 0.0000 1.0000 0.0020 -0.0499 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9992 0.0391 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0392 1.0005 0.0000 0.0000 0.0000



B Matrix =

4.2036 -6.7739 1.8519 -0.1077

-2.4504 -2.7194 -11.7650 9.8161

-139.2800 -56.5000 0.0194 -0.0348

23.6300 -20.3100 -157.1000 -1.8817

23.7230 31.9910 -8.6356 -0.0272

16.4750 -5.4953 -26.9800 -26.4420

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000



D.2 HCH Configuration Matrices

The structure of the HCH configuration’s control matrix and vector are as follows

B =



Xθ0 Xθ1s Xθ1c Xθ̄prop
Xθdiff

Yθ0 Yθ1s Yθ1c Yθ̄prop
Yθdiff

Zθ0 Zθ1s Zθ1c Zθ̄prop
Zθdiff

Lθ0 Lθ1s Lθ1c Lθ̄prop
Lθdiff

Mθ0 Mθ1s Mθ1c Mθ̄prop
Mθdiff

Nθ0 Nθ1s Nθ1c Nθ̄prop
Nθdiff

0 0 0 0 0

0 0 0 0 0

0 0 0 0 0


and u =


θ0

θ1s

θ1c

θ̄prop

θdiff

 (D.1)
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Appendix D. System and Control Matrices D.2 HCH Configuration Matrices

HCH Configuration - Hover

A Matrix =

-0.0860 -0.0169 0.0035 -0.3063 0.4626 -0.0837 -0.0003 -9.7857 0.0000

0.0200 -0.0272 0.0014 -0.4080 -0.4260 -0.5159 9.7857 -0.0021 0.0000

0.0081 -0.0013 -0.3039 -0.0075 0.5154 -0.0015 -0.0238 -0.7512 0.0000

0.4485 -0.4161 0.0237 -11.3480 -4.9259 -0.3767 -0.0010 -0.0075 -0.0000

0.0574 0.0743 0.0110 0.3561 -1.9459 -0.0017 0.0013 -0.0004 -0.0000

0.0484 -0.0714 0.0064 -1.8893 -0.9808 -0.3826 -0.0001 -0.0013 0.0000

0.0000 0.0000 0.0000 1.0000 0.0002 0.0768 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0024 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0024 1.0029 0.0000 0.0000 0.0000



B Matrix =

1.9692 -11.2850 3.0828 8.9171 0.7810

-0.0766 -1.4605 -14.8700 -0.0026 -0.0203

-89.4550 -0.2900 0.6799 -0.0001 -0.0001

13.7490 -30.9300 -234.5500 -0.3710 -8.8082

3.6743 28.0410 -12.5190 0.4020 -0.1629

19.4830 -5.2625 -40.3710 -1.0994 -14.0400

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 20 kt

A Matrix =

-0.0736 -0.0161 -0.0127 -0.2798 -0.1870 -0.0313 -0.0003 -9.7895 0.0000

0.0113 -0.0522 0.0127 0.2404 -0.3766 -10.2310 9.7889 -0.0082 0.0000

-0.1780 0.0040 -0.4006 -0.0882 10.7620 -0.0011 -0.1101 -0.6992 0.0000

0.2864 -0.3851 0.3602 -11.5060 -4.3430 -0.5716 -0.0012 -0.0078 -0.0000

0.0556 0.0733 0.0330 0.3326 -2.0937 -0.0059 0.0013 -0.0004 -0.0000

0.0290 -0.0620 0.0566 -2.0663 -0.7804 -0.4972 -0.0002 -0.0014 0.0000

0.0000 0.0000 0.0000 1.0000 0.0008 0.0714 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0113 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0113 1.0025 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.2 HCH Configuration Matrices

B Matrix =

-0.1023 -11.1140 3.1693 8.8473 1.0127

-0.4992 -1.7070 -14.2740 -0.0016 -0.0181

-88.2450 -5.8481 15.5700 -0.0023 -0.0011

20.8350 -32.1580 -228.8100 0.1960 -9.0968

6.8104 28.5030 -13.3080 0.4114 -0.1637

18.7380 -6.1102 -38.5410 -1.3099 -13.9830

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 40 kt

A Matrix =

-0.0636 -0.0127 -0.0107 -0.2336 -0.6303 0.0057 -0.0004 -9.7960 -0.0000

0.0001 -0.0764 0.0118 0.6915 -0.2721 -20.4700 9.7948 -0.0097 -0.0000

-0.1619 0.0024 -0.5797 -0.1869 21.2100 -0.0012 -0.1515 -0.6016 -0.0000

0.0471 -0.2938 0.4502 -11.4310 -2.9862 -0.6136 -0.0015 -0.0080 0.0000

0.0438 0.0603 0.0511 0.2795 -2.2494 -0.0097 0.0013 -0.0004 0.0000

-0.0118 -0.0413 0.0513 -2.1745 -0.4321 -0.5867 -0.0003 -0.0015 0.0000

0.0000 0.0000 0.0000 1.0000 0.0010 0.0614 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0155 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0155 1.0018 0.0000 0.0000 0.0000



B Matrix =

-1.9636 -10.9560 2.8520 9.2723 0.7853

-0.8036 -2.1528 -12.0610 -0.0008 -0.0135

-94.4020 -12.4100 25.7850 -0.0055 -0.0003

26.9090 -32.9940 -189.5900 1.2552 -9.9503

10.3920 29.1390 -12.6970 0.4563 -0.2048

16.0220 -7.0408 -30.4040 -0.7811 -14.7240

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


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HCH Configuration - 60 kt

A Matrix =

-0.0768 -0.0057 -0.0147 -0.1926 -0.7062 0.0157 -0.0004 -9.8041 -0.0000

-0.0028 -0.1011 0.0043 0.7875 -0.2069 -30.7280 9.8030 -0.0073 0.0000

-0.1076 -0.0024 -0.7296 -0.2897 31.3710 -0.0016 -0.1495 -0.4489 -0.0000

-0.0502 -0.2231 0.3512 -11.7720 -2.1942 -0.4902 -0.0017 -0.0078 0.0000

0.0335 0.0354 0.0581 0.2191 -2.3768 -0.0116 0.0013 -0.0004 0.0000

-0.0270 -0.0236 0.0135 -2.2172 -0.2121 -0.7038 -0.0004 -0.0015 0.0000

0.0000 0.0000 0.0000 1.0000 0.0007 0.0458 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0152 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0153 1.0009 0.0000 0.0000 0.0000



B Matrix =

-2.2167 -10.6310 3.3538 9.9971 0.4646

-1.0729 -2.4676 -10.9120 -0.0009 -0.0097

-102.1500 -19.7360 25.0810 -0.0087 0.0014

30.6470 -31.6750 -166.9100 2.5433 -11.0620

14.2270 29.6500 -11.9650 0.5223 -0.2544

13.2150 -7.6666 -25.7580 -0.0894 -15.9350

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 80 kt

A Matrix =

-0.0883 -0.0017 -0.0214 -0.1687 -0.3648 0.0095 -0.0004 -9.8109 -0.0000

-0.0020 -0.1273 -0.0019 0.4558 -0.1719 -40.9980 9.8101 -0.0039 -0.0000

-0.0816 -0.0037 -0.8615 -0.3848 41.5330 -0.0019 -0.1301 -0.2602 -0.0000

-0.0621 -0.1897 0.2633 -12.4560 -1.8760 -0.3218 -0.0018 -0.0073 0.0000

0.0291 0.0200 0.0624 0.1798 -2.4868 -0.0108 0.0013 -0.0004 0.0000

-0.0280 -0.0125 -0.0135 -2.2821 -0.1006 -0.8149 -0.0004 -0.0014 0.0000

0.0000 0.0000 0.0000 1.0000 0.0004 0.0265 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0133 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0133 1.0003 0.0000 0.0000 0.0000


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B Matrix =

-2.5403 -10.2160 3.6707 10.6900 0.3000

-1.5324 -2.6644 -10.3840 -0.0011 -0.0070

-108.2400 -27.2650 23.4820 -0.0093 0.0026

29.1940 -30.0500 -159.0100 3.8074 -12.0140

17.8640 30.3700 -11.6400 0.5865 -0.2886

10.5450 -8.2209 -24.1580 0.3582 -17.0760

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 100 kt

A Matrix =

-0.0970 0.0003 -0.0287 -0.1590 0.2115 0.0006 -0.0004 -9.8139 -0.0000

-0.0008 -0.1545 -0.0069 -0.1210 -0.1472 -51.2620 9.8133 -0.0015 0.0000

-0.0681 -0.0047 -0.9774 -0.4823 51.7040 -0.0024 -0.1090 -0.0955 -0.0000

-0.0609 -0.1750 0.2094 -13.1120 -1.6847 -0.1970 -0.0018 -0.0066 -0.0000

0.0272 0.0121 0.0668 0.1597 -2.5898 -0.0100 0.0012 -0.0004 0.0000

-0.0275 -0.0048 -0.0276 -2.3468 -0.0273 -0.9237 -0.0004 -0.0012 0.0000

0.0000 0.0000 0.0000 1.0000 0.0001 0.0097 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0111 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0111 1.0000 0.0000 0.0000 0.0000



B Matrix =

-2.9095 -9.7856 3.7303 11.3190 0.2219

-2.1154 -2.8496 -10.0310 -0.0015 -0.0049

-113.9300 -35.0210 21.9450 -0.0061 0.0032

26.6310 -28.4130 -155.5800 5.1113 -12.8010

21.4020 31.3700 -11.4360 0.6489 -0.3128

8.5702 -8.7009 -23.5040 0.6754 -18.0970

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


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HCH Configuration - 120 kt

A Matrix =

-0.1037 0.0014 -0.0356 -0.1540 0.7049 -0.0054 -0.0004 -9.8144 -0.0000

0.0003 -0.1822 -0.0117 -0.6213 -0.1221 -61.5170 9.8140 -0.0003 0.0000

-0.0621 -0.0065 -1.0828 -0.5860 61.8820 -0.0035 -0.0896 0.0039 -0.0000

-0.0593 -0.1671 0.1773 -13.7230 -1.5109 -0.0910 -0.0017 -0.0059 -0.0000

0.0259 0.0080 0.0716 0.1480 -2.6920 -0.0090 0.0012 -0.0003 0.0000

-0.0276 0.0016 -0.0345 -2.4180 0.0318 -1.0285 -0.0004 -0.0011 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0000 -0.0004 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0091 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0091 1.0000 0.0000 0.0000 0.0000



B Matrix =

-3.1786 -9.2524 3.6397 11.9070 0.1798

-2.8480 -3.1035 -9.6551 -0.0024 -0.0025

-119.4800 -42.9190 20.7450 -0.0013 0.0033

24.1240 -26.7890 -153.2800 6.5165 -13.5050

24.9410 32.5980 -11.2850 0.7121 -0.3329

6.9182 -9.1263 -23.0860 0.9530 -19.0480

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 140 kt

A Matrix =

-0.1094 0.0021 -0.0429 -0.1439 1.0331 -0.0086 -0.0003 -9.8143 0.0000

0.0012 -0.2101 -0.0175 -0.9617 -0.0870 -71.7680 9.8140 0.0001 0.0000

-0.0632 -0.0090 -1.1848 -0.6937 72.0590 -0.0050 -0.0726 0.0536 0.0000

-0.0591 -0.1649 0.1537 -14.5460 -1.2506 0.0382 -0.0016 -0.0053 -0.0000

0.0250 0.0055 0.0789 0.1187 -2.8216 -0.0074 0.0012 -0.0003 -0.0000

-0.0283 0.0069 -0.0392 -2.5290 0.1062 -1.1242 -0.0004 -0.0010 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0000 -0.0055 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0074 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0074 1.0000 0.0000 0.0000 0.0000


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B Matrix =

-3.3672 -8.4782 3.4973 12.4750 0.1507

-3.8398 -3.5402 -9.0756 -0.0047 0.0020

-121.9800 -50.1890 19.3800 0.0035 0.0032

20.4510 -26.1610 -150.2300 8.0223 -14.1540

28.7700 34.0330 -11.3910 0.7821 -0.3605

4.8967 -9.7318 -22.4970 1.2284 -19.9580

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 160 kt

A Matrix =

-0.1147 0.0028 -0.0520 -0.1242 1.3611 -0.0107 -0.0003 -9.8140 -0.0000

0.0020 -0.2385 -0.0252 -1.3107 -0.0335 -82.0180 9.8137 0.0002 -0.0000

-0.0728 -0.0120 -1.2950 -0.8017 82.2190 -0.0070 -0.0554 0.0928 -0.0000

-0.0608 -0.1711 0.1282 -15.8530 -0.7845 0.2268 -0.0017 -0.0049 0.0000

0.0249 0.0034 0.0923 0.0429 -3.0051 -0.0044 0.0013 -0.0003 0.0000

-0.0296 0.0109 -0.0435 -2.7108 0.2234 -1.2076 -0.0005 -0.0009 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0001 -0.0095 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0056 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0056 1.0000 0.0000 0.0000 0.0000



B Matrix =

-3.4477 -7.3252 3.2771 13.0350 0.1261

-5.1824 -4.2615 -8.1550 -0.0105 0.0106

-118.6100 -55.6600 17.3680 0.0098 0.0032

13.8300 -27.6440 -145.1000 9.5852 -14.7160

33.3880 35.8610 -12.0070 0.8692 -0.4080

2.1246 -10.6570 -21.4890 1.5002 -20.8380

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


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HCH Configuration - 180 kt

A Matrix =

-0.1194 0.0033 -0.0614 -0.0989 1.7148 -0.0096 -0.0003 -9.8135 -0.0000

0.0031 -0.2666 -0.0350 -1.7045 0.0417 -92.2670 9.8134 0.0000 -0.0000

-0.0957 -0.0152 -1.4374 -0.9099 92.3500 -0.0095 -0.0210 0.1321 0.0000

-0.0612 -0.1787 0.0925 -17.7810 -0.0200 0.5225 -0.0016 -0.0042 -0.0000

0.0238 0.0012 0.1151 -0.1091 -3.2367 0.0029 0.0014 -0.0003 -0.0000

-0.0303 0.0148 -0.0429 -2.9732 0.3583 -1.2730 -0.0005 -0.0009 -0.0000

0.0000 0.0000 0.0000 1.0000 -0.0000 -0.0135 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0021 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0021 1.0001 0.0000 0.0000 0.0000



B Matrix =

-2.7618 -5.2892 2.7365 13.6080 0.0912

-6.8105 -5.2118 -6.5929 -0.0219 0.0252

-109.7700 -58.4560 14.9460 0.0195 0.0022

2.9838 -31.6850 -136.3600 11.1800 -15.1700

39.2030 38.3490 -13.2320 0.9851 -0.4834

-1.1218 -11.4080 -20.0190 1.7755 -21.7120

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000


HCH Configuration - 200 kt

A Matrix =

-0.1228 0.0028 -0.0616 -0.0877 1.7450 0.0117 -0.0001 -9.8133 -0.0000

0.0053 -0.2908 -0.0408 -1.8120 0.0931 -102.5200 9.8126 -0.0018 -0.0000

-0.1474 -0.0189 -1.6753 -1.0425 102.4100 -0.0126 0.1092 0.1492 0.0000

-0.0440 -0.1425 0.0515 -20.6340 1.0263 1.0616 0.0005 -0.0014 -0.0000

0.0155 0.0010 0.1518 -0.4003 -3.4681 0.0267 0.0015 -0.0001 0.0000

-0.0246 0.0257 -0.0056 -3.3753 0.2929 -1.2993 -0.0000 -0.0004 0.0000

0.0000 0.0000 0.0000 1.0000 0.0002 -0.0152 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 0.0111 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 -0.0111 1.0001 0.0000 0.0000 0.0000


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B Matrix =

1.2012 -0.4128 1.1239 14.2510 -0.0000

-7.4325 -5.3048 -3.3685 -0.0329 0.0375

-95.6910 -57.0400 12.3500 0.0354 -0.0080

-10.8840 -36.6400 -120.2900 12.8300 -15.5690

46.2850 41.5850 -15.0670 1.1447 -0.5964

-1.2075 -8.4804 -18.8450 2.1248 -22.6760

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000



D.3 CCH Configuration Matrices

The structure of the CCH configuration’s control matrix and vector are as follows

B =



Xθ̄0
Xθdiff

Xθ1s Xθ1c Xθprop Xθ1c diff

Yθ̄0
Yθdiff

Yθ1s Yθ1c Yθprop Yθ1c diff

Zθ̄0
Zθdiff

Zθ1s Zθ1c Zθprop Zθ1c diff

Lθ̄0
Lθdiff

Lθ1s Lθ1c Lθprop Lθ1c diff

Mθ̄0
Mθdiff

Mθ1s Mθ1c Mθprop Mθ1c diff

Nθ̄0
Nθdiff

Nθ1s Nθ1c Nθprop Nθ1c diff

0 0 0 0 0 0

0 0 0 0 0 0

0 0 0 0 0 0


and u =



θ̄0

θdiff

θ1s

θ1c

θprop

θ1cdiff

 (D.2)

CCH Configuration - Hover

A Matrix =

-0.0279 -0.0121 0.0152 0.0722 0.3080 0.0083 -0.0002 -9.7842 0.0000

-0.0012 -0.0263 -0.0001 -0.3227 0.0560 -0.1511 9.7842 -0.0002 0.0000

0.0137 -0.0007 -0.2300 0.0048 0.1656 0.0002 -0.0007 -0.7698 0.0000

0.0013 -0.4002 -0.0013 -17.6460 0.0640 -1.2420 -0.0067 -0.0021 -0.0000

0.1106 0.0874 0.0099 0.0816 -3.3653 0.0082 0.0004 -0.0012 -0.0000

0.0005 -0.0732 -0.0047 -3.2005 0.0135 -0.2227 -0.0011 -0.0004 0.0000

0.0000 0.0000 0.0000 1.0000 0.0000 0.0787 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0001 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0001 1.0031 0.0000 0.0000 0.0000


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B Matrix =

5.0417 -1.4543 -10.3930 1.4076 2.7574 1.4016

-0.0101 0.0055 -1.0392 -10.6440 0.0003 -0.9084

-69.9200 19.9170 -0.8193 0.0984 -0.0000 0.0980

-0.1712 8.3586 -2.7222 -192.8900 0.1532 -3.9127

0.6136 -0.3758 36.1900 -0.7052 0.0005 -15.3360

-0.3505 21.0950 -0.5015 -34.9450 0.0240 -0.6899

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 20 kt

A Matrix =

-0.0305 -0.0111 0.0155 0.0721 -0.4058 0.0165 -0.0002 -9.7867 0.0000

-0.0023 -0.0518 -0.0002 0.3890 0.0566 -10.2500 9.7867 -0.0015 -0.0000

-0.1477 0.0005 -0.3093 0.0228 10.4900 -0.0006 -0.0171 -0.7376 0.0000

-0.0340 -0.3771 0.0166 -17.7810 0.1397 -1.2924 -0.0067 -0.0022 -0.0000

0.0994 0.0780 0.0353 0.0668 -3.4918 0.0067 0.0004 -0.0012 -0.0000

-0.0119 -0.0616 -0.0049 -3.3889 0.0584 -0.3574 -0.0012 -0.0004 0.0000

0.0000 0.0000 0.0000 1.0000 0.0001 0.0754 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0017 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0017 1.0028 0.0000 0.0000 0.0000



B Matrix =

4.0095 -1.7643 -9.8193 1.4266 3.2469 1.6814

-0.1865 -1.5935 -1.0598 -10.3160 0.0003 -0.9882

-67.4300 22.8840 -5.8696 0.0985 -0.0008 0.1179

-0.2555 0.1509 -2.8508 -191.4400 0.3066 -4.0278

4.8717 -0.6608 36.2300 -0.7275 0.0026 -15.5430

-0.2929 17.7580 -0.6147 -33.7910 0.0532 -0.6209

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


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Appendix D. System and Control Matrices D.3 CCH Configuration Matrices

CCH Configuration - 40 kt

A Matrix =

-0.0391 -0.0090 0.0181 0.0673 -0.8972 0.0341 -0.0002 -9.7919 0.0000

-0.0022 -0.0771 -0.0019 0.9028 0.0506 -20.4910 9.7918 -0.0022 0.0000

-0.1583 0.0049 -0.4527 0.0584 20.7640 -0.0001 -0.0289 -0.6641 0.0000

-0.0431 -0.3349 -0.0217 -17.9190 0.1926 -1.3414 -0.0066 -0.0025 -0.0000

0.0744 0.0536 0.0562 0.0320 -3.6328 0.0029 0.0005 -0.0012 -0.0000

-0.0135 -0.0484 -0.0182 -3.5146 0.0920 -0.4877 -0.0013 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 0.0002 0.0678 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0029 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0030 1.0023 0.0000 0.0000 0.0000



B Matrix =

2.9740 -2.3000 -9.0447 1.4249 4.2452 2.2569

-0.3192 -3.2328 -1.0676 -9.6369 -0.0002 -1.1553

-67.7470 26.2490 -10.9320 0.0958 -0.0024 0.1587

-0.9236 -4.4730 -3.0674 -188.9500 0.7312 -4.3177

10.3310 -0.5135 36.5510 -0.7542 0.0067 -15.9830

-0.4093 12.8290 -0.7208 -32.6180 0.1276 -0.6119

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 60 kt

A Matrix =

-0.0501 -0.0081 0.0196 0.0594 -1.0117 0.0531 -0.0002 -9.8012 0.0000

-0.0015 -0.1039 -0.0036 1.0331 0.0436 -30.7550 9.8011 -0.0026 0.0000

-0.0923 0.0091 -0.5741 0.0858 30.9410 0.0010 -0.0458 -0.5072 0.0000

-0.0218 -0.3152 -0.0556 -17.9350 0.1873 -1.3819 -0.0063 -0.0028 -0.0000

0.0593 0.0317 0.0683 0.0031 -3.7705 -0.0004 0.0005 -0.0012 -0.0000

-0.0073 -0.0404 -0.0286 -3.5725 0.1188 -0.6139 -0.0013 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 0.0002 0.0518 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0047 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0047 1.0013 0.0000 0.0000 0.0000


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B Matrix =

2.3365 -2.6615 -8.3497 1.3871 4.8298 2.6248

-0.5202 -5.2533 -1.0728 -9.1512 -0.0015 -1.2606

-75.8230 25.2820 -17.5400 0.0903 -0.0041 0.1851

-4.3932 -13.6420 -3.8874 -187.2100 1.2032 -4.4692

16.1250 -0.3336 37.4400 -0.7514 0.0113 -16.3170

-1.2774 7.7493 -1.0479 -31.8100 0.2062 -0.5614

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 80 kt

A Matrix =

-0.0594 -0.0089 0.0203 0.0512 -0.6849 0.0704 -0.0002 -9.8095 0.0000

-0.0012 -0.1330 -0.0051 0.7022 0.0413 -41.0300 9.8092 -0.0023 0.0000

-0.0436 0.0131 -0.6597 0.1044 41.1540 0.0052 -0.0685 -0.3080 0.0000

-0.0139 -0.3165 -0.0690 -17.8450 0.1980 -1.4117 -0.0055 -0.0028 -0.0000

0.0544 0.0187 0.0779 -0.0130 -3.8978 -0.0026 0.0005 -0.0011 -0.0000

-0.0046 -0.0362 -0.0330 -3.6399 0.1503 -0.7401 -0.0012 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 0.0002 0.0314 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0070 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0070 1.0005 0.0000 0.0000 0.0000



B Matrix =

1.8703 -2.9057 -7.7530 1.3275 5.2499 2.6841

-0.7366 -7.9604 -1.0909 -8.9070 -0.0033 -1.2527

-85.2550 23.0940 -25.3800 0.0847 -0.0047 0.1893

-6.9739 -26.7590 -4.8206 -186.3400 1.7217 -4.3729

21.5920 -0.3847 38.7750 -0.7185 0.0132 -16.4770

-2.0535 3.5413 -1.4564 -31.2720 0.2873 -0.4551

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


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CCH Configuration - 100 kt

A Matrix =

-0.0667 -0.0107 0.0215 0.0418 -0.1675 0.0845 -0.0002 -9.8133 0.0000

-0.0010 -0.1641 -0.0066 0.1615 0.0407 -51.2960 9.8127 -0.0015 0.0000

-0.0153 0.0173 -0.7246 0.1208 51.3840 0.0095 -0.0931 -0.1440 0.0000

-0.0119 -0.3288 -0.0755 -17.6960 0.2135 -1.4353 -0.0044 -0.0027 -0.0000

0.0527 0.0114 0.0881 -0.0213 -4.0152 -0.0045 0.0004 -0.0009 -0.0000

-0.0036 -0.0341 -0.0349 -3.7484 0.1763 -0.8673 -0.0010 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 0.0001 0.0147 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 1.0000 -0.0095 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0095 1.0001 0.0000 0.0000 0.0000



B Matrix =

1.5100 -3.0761 -7.1384 1.2448 5.6148 2.5332

-0.9707 -11.5140 -1.1226 -8.7341 -0.0057 -1.1628

-94.0170 21.0570 -33.7680 0.0806 -0.0038 0.1783

-8.7581 -41.7720 -5.6703 -185.7800 2.3283 -4.0956

27.0070 -0.5681 40.4930 -0.6602 0.0113 -16.5320

-2.6968 -0.0121 -1.8505 -30.8760 0.3797 -0.3264

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 120 kt

A Matrix =

-0.0724 -0.0131 0.0245 0.0311 0.3466 0.0956 -0.0002 -9.8143 0.0000

-0.0008 -0.1975 -0.0081 -0.3957 0.0400 -61.5510 9.8133 -0.0005 0.0000

-0.0005 0.0214 -0.7773 0.1367 61.6180 0.0100 -0.1178 -0.0305 0.0000

-0.0115 -0.3477 -0.0805 -17.5100 0.2264 -1.4600 -0.0026 -0.0025 -0.0000

0.0518 0.0071 0.0997 -0.0258 -4.1249 -0.0063 0.0003 -0.0008 -0.0000

-0.0032 -0.0333 -0.0356 -3.9052 0.1928 -0.9960 -0.0008 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 0.0000 0.0031 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0120 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0120 0.9999 0.0000 0.0000 0.0000


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B Matrix =

1.3390 -3.1837 -6.3835 1.1443 5.9481 2.2305

-1.2342 -16.0630 -1.1785 -8.5030 -0.0093 -1.0300

-102.2500 19.4370 -42.4310 0.0779 -0.0015 0.1563

-10.3460 -58.6060 -6.5280 -185.1700 3.0141 -3.7206

32.5570 -0.8340 42.5880 -0.5830 0.0062 -16.5240

-3.2780 -3.3541 -2.2248 -30.5780 0.4842 -0.1978

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 140 kt

A Matrix =

-0.0769 -0.0156 0.0297 0.0200 0.7223 0.1048 -0.0002 -9.8143 0.0000

-0.0007 -0.2338 -0.0099 -0.8352 0.0389 -71.7980 9.8127 0.0004 0.0000

0.0056 0.0249 -0.8209 0.1505 71.8540 0.0099 -0.1439 0.0346 0.0000

-0.0107 -0.3726 -0.0864 -17.3030 0.2375 -1.4841 -0.0004 -0.0023 -0.0000

0.0508 0.0044 0.1133 -0.0295 -4.2337 -0.0083 0.0003 -0.0007 -0.0000

-0.0027 -0.0338 -0.0358 -4.1085 0.2012 -1.1244 -0.0004 -0.0005 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0001 -0.0035 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9999 -0.0147 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0147 0.9999 0.0000 0.0000 0.0000



B Matrix =

1.4340 -3.2371 -5.3690 1.0381 6.2671 1.8104

-1.5527 -21.7270 -1.2824 -8.0894 -0.0150 -0.8812

-109.8100 18.0730 -51.1440 0.0759 0.0013 0.1261

-12.0660 -78.1090 -7.5286 -183.5900 3.7683 -3.2936

38.3880 -1.1604 45.0440 -0.4945 -0.0001 -16.5430

-3.8329 -6.9111 -2.5973 -30.2350 0.6010 -0.0750

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


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CCH Configuration - 160 kt

A Matrix =

-0.0807 -0.0181 0.0372 0.0119 0.9546 0.1130 -0.0002 -9.8141 0.0000

-0.0007 -0.2740 -0.0122 -1.1516 0.0415 -82.0410 9.8117 0.0011 0.0000

0.0037 0.0270 -0.8470 0.1598 82.0950 0.0091 -0.1763 0.0685 0.0000

-0.0099 -0.4138 -0.0944 -17.0620 0.2631 -1.5025 0.0019 -0.0022 -0.0000

0.0506 0.0024 0.1342 -0.0355 -4.3738 -0.0108 0.0002 -0.0006 -0.0000

-0.0024 -0.0372 -0.0368 -4.3313 0.2135 -1.2492 -0.0001 -0.0005 -0.0000

0.0000 0.0000 0.0000 1.0000 -0.0001 -0.0070 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9998 -0.0180 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0180 0.9999 0.0000 0.0000 0.0000



B Matrix =

1.6360 -3.2686 -4.0065 0.9608 6.5819 1.3065

-1.9684 -28.2640 -1.4896 -7.2760 -0.0250 -0.7260

-113.9900 16.1790 -58.9490 0.0762 0.0039 0.0902

-14.0800 -103.5200 -8.8946 -176.9800 4.5513 -2.7790

45.0090 -1.4909 47.8220 -0.4088 -0.0063 -17.0230

-4.4569 -11.5530 -3.0601 -29.0460 0.7234 0.0831

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 180 kt

A Matrix =

-0.0836 -0.0204 0.0494 0.0034 1.0622 0.1206 -0.0002 -9.8140 0.0000

-0.0008 -0.3189 -0.0147 -1.3648 0.0430 -92.2780 9.8105 0.0017 0.0000

-0.0073 0.0266 -0.8535 0.1617 92.3430 0.0072 -0.2022 0.0850 0.0000

-0.0081 -0.4731 -0.1029 -16.6260 0.2811 -1.4998 0.0039 -0.0020 -0.0000

0.0508 0.0008 0.1665 -0.0438 -4.5423 -0.0135 0.0001 -0.0007 -0.0000

-0.0019 -0.0432 -0.0364 -4.5363 0.2077 -1.3671 0.0003 -0.0005 -0.0000

0.0000 0.0000 0.0000 1.0000 -0.0002 -0.0087 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9998 -0.0206 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0206 0.9998 0.0000 0.0000 0.0000


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B Matrix =

2.1866 -3.0636 -2.1298 0.8279 6.9008 0.6143

-2.4323 -35.3630 -1.7420 -5.8775 -0.0423 -0.5034

-114.3500 13.8470 -65.0660 0.0717 0.0064 0.0414

-16.1180 -136.6100 -10.3790 -163.3800 5.3268 -2.0336

52.7630 -1.9274 51.2760 -0.2943 -0.0122 -18.1250

-4.9069 -17.4330 -3.4217 -26.8230 0.8465 0.2535

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


CCH Configuration - 200 kt

A Matrix =

-0.0852 -0.0219 0.0711 -0.0134 1.0568 0.1295 -0.0001 -9.8139 0.0000

-0.0006 -0.3685 -0.0160 -1.4772 0.0286 -102.5000 9.8096 0.0018 0.0000

-0.0302 0.0223 -0.8394 0.1507 102.6000 0.0039 -0.1951 0.0924 0.0000

-0.0034 -0.5466 -0.1047 -15.6550 0.2327 -1.4375 0.0045 -0.0012 -0.0000

0.0504 0.0002 0.2153 -0.0535 -4.7153 -0.0163 0.0000 -0.0008 -0.0000

-0.0008 -0.0497 -0.0270 -4.6790 0.1268 -1.4750 0.0007 -0.0004 0.0000

0.0000 0.0000 0.0000 1.0000 -0.0002 -0.0094 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.9998 -0.0199 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0199 0.9999 0.0000 0.0000 0.0000



B Matrix =

3.5917 -2.2041 0.5620 0.4869 7.2324 -0.4510

-2.7253 -42.5920 -1.8539 -3.6329 -0.0707 -0.2007

-111.2500 11.3320 -68.7400 0.0489 0.0088 -0.0329

-17.1840 -178.9600 -11.1840 -140.1600 6.0457 -1.0939

61.8990 -2.5941 55.9520 -0.1218 -0.0176 -20.0280

-4.2298 -24.0420 -2.9671 -23.6120 0.9680 0.2402

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000

0.0000 0.0000 0.0000 0.0000 0.0000 0.0000


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